General  Disclaimer 


One  or  more  of  the  Following  Statements  may  affect  this  Document 


• This  document  has  been  reproduced  from  the  best  copy  furnished  by  the 
organizational  source.  It  is  being  released  in  the  interest  of  making  available  as 
much  information  as  possible. 


• This  document  may  contain  data,  which  exceeds  the  sheet  parameters.  It  was 
furnished  in  this  condition  by  the  organizational  source  and  is  the  best  copy 
available. 


• This  document  may  contain  tone-on-tone  or  color  graphs,  charts  and/or  pictures, 
which  have  been  reproduced  in  black  and  white. 


• This  document  is  paginated  as  submitted  by  the  original  source. 


• Portions  of  this  document  are  not  fully  legible  due  to  the  historical  nature  of  some 
of  the  material.  However,  it  is  the  best  reproduction  available  from  the  original 
submission. 


Produced  by  the  NASA  Center  for  Aerospace  Information  (CASI) 
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PROCEEDINGS  of  the  ELEVENTH  INTERNATIONAL  SYMPOSIUM 

ON 

REMOTE  SENSING  OF  ENVIRONMENT 
25  - 29  April,  1977 


CONDUCTED  BY 

Center  for  Remote  Sensing  Infopiation  and  Analysis 
Environmental  Research  Iiistitute  of  Michigan 

in  cooperation  with 

The  University  of  Michigan 
Extension  Service 

SPONSORED.  IN  PART,  BY 

Federal  Highway  Administration 
U.S.  Department  of  Transportation 

National  Oceanic  and  Atmospheric  Administration 
U.S.  Department  of  Commerce 

U.S.  Geological  Survey 
U.S.  Department  of  the  Interior 

Agricultural  Research  Service,  Agricultural  Stabilization 
and  Conservation  Service,  Cooperative  State  Research 
Service,  Economic  Research  Service,  Forest  Service, 
Foreign  Agricultural  Service,  Statistical  Reporting  Service, 
U.S.  Department  of  Agriculture 

Environmental  Research  Institute  of  Michigan 

U.S.  Army  Research  Center 
Department  of  the  Army 

Division  of  Water  Control  Planning 
Tennessee  Valley  Authority 

Institute  of  Science  and  Technology 
The  University  of  Michigan 

U.S.  Coast  Guard 

U.S.  Department  of  Transportation 

Office  of  Applications _ 

National  Aeronautics  and  Space  Administration 


Division  of  Biomedical  and  Environmental  Research 
U.S.  Energy  Research  and  Development  Administration 

Environmental  Monitoring  and  Support  Laboratory 
U.S.  Environmental  Protection  Agency 

WITH  CONTRIBUTIONS  FROM 

Swiss  Society  of  Natural  Sciences 
Bern,  Switzerland 

Taiwan  Forestry  Bureau 
Taipei,  Taiwan,  Republic  of  China 

Remote  Sensing  Technology  Center  of  Japan 
Tokyo , Japan 
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ZISSIS 


Environmental  Research  Institute 
of  Michigan 
Ann  Arbor,  Michigan 


PROGRAM 


MONDAY  APRIL  25 

0800  REGISTRATION,  RACKHAM  LOBBY 
SESSION  1 

(Rackham  Lecture  Hall) 

OPENING  REMARKS;  KEYNOTE  ADDRESS: 
OVERVIEW 

Presiding:  G.  J.  ZISSIS,  Environmental 

Research  Institute  o£ 
Michigan,  Ann  Arbor,  MI 


1530  [7]  THE  UTILITY  OF  SHORT  WAVE- 

LENGTH (<lmm)  REMOTE 
SENSING  TECHNIQUES  FOR  THE 
MONITORING  AND  ASSESSMENT 
OF  HYDROLOGIC  PATTERNS 
A.  RANGO,  NASA,  Goddard 
Space  Flight  Center, 
Greenbelt,  MD 

1600  [8]  MICROWAVE  REMOTE  SENSING  OF 

HYDROLOGIC  PARAMETERS 
F.  T.  ULABY,  University  of 
Kansas,  Lawrence,  KS 


1020  [1]  WELCOME  AND  INTRODUCTION 
W.  M.  BROWN,  President 
ERIM,  Ann  Arbor,  MI 

1030  12]  KEYNOTE  ADDRESS:  THE 

PROBLEMS  AND  OPPORTUNITIES 
W.  E.  NIERENBERG,  Director 
Scripps  Institution  of 
Oceanography,  La  Jolla,  CA 

1130  13]  THE  TECHNOLOGICAL  RESPONSE 
D.  J.  FINK,  Vice  President 
Space  Division,  General 
Electric  Co.,  Philadelphia, 
PA 


SESSION  2 

(Rackham  Lecture  Hall) 

SENSORS  AND  SENSOR  DEVELOPMENT 

Presiding:  V.  T.  NORWOOD,  Hughes  Air- 

craft Co.,  El  Segundo,  CA 


1630  [9]  UTILIZATION  OF  REMOTE 

SENSING  OBSERVATIONS  IN 
HYDROLOGIC  MODELS 
R.  M.  RAGAN,  University  of 
Maryland,  College  Park,  MD 

SESSION  4 

(Rackham  Amphitheater) 
GEOGRAPHIC  APPLICATIONS 

Presiding:  R.  L.  SHELTON,  Michigan 

State  University,  East 
Lansing,  MI 

1530  [10]  THE  IMPACT  OF  REMOTE  SENSING 

ON  THE  DISCIPLINE  OF  GEO- 
GRAPHY: THE  PAST  IN  PER- 
SPECTIVE, PRESENT  REALITIES, 
FUTURE  POTENTIALS 
J.  E.  ESTES  and  D.  SIMONETT, 
University  of  California, 
Santa  Barbara , CA 


1330  [4] 


1400  [5] 


EARTH  REMOTE  SENSING:  USER  1610 
NEEDS  AND  TECHNOLOGY 
OPPORTUNITIES 

R.  G.  NAGLER,  Jet  Propulsion 
Laboratory,  Pasadena,  CA 

PROJECTIONS  IN  INFRARED  AND 
VISIBLE  SENSORS 
JOHN  CARSON,  Carson  Alexiou 
Corp.,  Newport  Beach,  CA  1650 


[11]  REMOTE  SENSING  IN  GEO- 
GRAPHIC APPLICATIONS 
J.  R.  ANDERSON,  R.  E. 

WITMER  and  J.  R,  WRAY, 

U.S.  Geological  Survey, 

Res ton,  VA;  and  R.  L. 
SHELTON,  Michigan  State 
University,  East  Lansing, MI 

DISCUSSION 


1430  [6]  TECHNOLOGY  ADVANCES  IN  TUESDAY  APRIL  26 

ACTIVE  AND  PASSIVE  MICROWAVE 

SENSING  THROUGH  1985  SESSION  5 

F.  T.  BARATH,  Jet  Propulsion  (Rackham  Lecture  Hall) 

Laboratory,  Pasadena,  CA 

SENSOR  DATA  ANALYSIS  AND  INTERPRETATION 


SESSION  3 

(Rackham  Lecture  Hall) 
HYDROLOGIC  APPLICATIONS 


Presiding:  J.  D.  ERICKSON,  NASA, 

Johnson  Space  Center, 
Houston,  TX 


Presiding:  V.  V.  SALOMONSON,  NASA, 

Goddard  Space  Flight 
Center,  Greenbelt,  MD 

iii 


0830 


0900 


0930 

1030 

[PI] 

[P2] 

[P3] 

[P4] 

[P5] 


[12]  MULTISPECTRAL  REMOTE 

SENSING  DATA  PROCESSING: 

TWO  YEARS  AGO,  TODAY,  AND 
TWO  YEARS  FROM  NOW 
Q.  A.  HOLMES,  Environmental 
Research  Institute  of 
Michigan,  Ann  Arbor,  MI; 

D.  G.  GOODENOUGH,  Canada 
Centre  for  Remote  Sensing, 
Ottawa,  Ontario,  Canada;  and 
J.  D.  ERICKSON,  NASA,  Johnson 
Space  Center,  Houston,  TX 


[P6]  INFLUENCE  OF  GROUND  LEVEL  SO, 
ON  THE  DIFFUSE  TO  DIRECT 
IRRADIANCE  RATIO  IN  THE  MIDDLE 
ULTRAVIOLET 

K.  F.  KLENK  and  A.E.S.  GREEN, 
University  of  Florida, 
Gainesville , FL 

[P7]  THE  VECTOR  CLASSIFIER 

K.  R.  McCLOY,  South  Australian 
Institute  of  Technology,  Ingle 
Farm,  South  Australia 


[13]  A SURVEY  OF  SAR  IMAGE-FORMA-  [P8] 
TION  PROCESSING  FOR  EARTH 
RESOURCE  APPLICATIONS 
R.  W.  BAYMA,  Environmental 
Research  Institute  of 
Michigan,  Ann  Arbor,  MI; 

R.  L.  JORDAN,  Jet  /Propulsion 
Laboratory,  Pasadena,  CA; 
and  B.  N.  MANNING,  Goodyear'' 
Aerospace  Corp.,  Litchfield 
Park,  AZ 

[14]  A PERSPECTIVE  ON  THE  STATE 
OF  THE  ART  OF  AERIAL  PHOTO- 
GRAPHIC INTERPRETATION 
J.  E.  ESTES,  University  of 
California,  Santa  Barbara, CA 

POSTER  SESSION  A 
(Michigan  League  Ballroom) 


MULTI-SEASONAI.  DATA  ANALYSIS  AND 
SOME  EXTENSIONS  FOR  ENVIRONMENTAL 
MONITORING 

SOTARO  TANAKA  and  TADASHI 
MURANAKA,  Remote  Sensing  Center 
of  Japan;  HIROSHI  MIYAZAWA,  Toyo 
Aero  Survey  Co. , Ltd. ; YUZO  SUGA, 
Hosei  University,  Tokyo,  Japan 

aP9]  DIGITAL  EXPLOITATION  OF  SYNTHETIC 
APERTURE  RADAR 

H.  WAGNER  and  R.  A.  SHUCHMAN, 
Environmental  Research  Institute 
of  Michigan,  Ann  Arbor,  MI 

[PIO]  ENVIRONMENTAL  STUDIES  OF  THE  NEW 
BULLET  TRAIN  OF  THE  JOETSU  LINE 
BY  REMOTE  SENSING  TECHNIQUES 
TAICHI  OSHIMA,  Hosei  University, 
Tokyo,  Japan 


LAND SAT -D  THEMATIC  MAPPER 
SIMULATION  USING  AIRCRAFT  MULTI- 
SPECTRAL SCANNER  DATA 
JERRY  CLARK  and  NEVIN  A.  BRYANT, 

Jet  Propulsion  Laboratory, 

Pasadena,  CA 

USE  OF  NEAR  INFRARED/RED  RADIANCE 
RATIOS  FOR  ESTIMATING  VEGETATION 
BIOMASS  AND  PHYSIOLOGICAL  STATUS  [P12] 
COMPTON  J.  TUCKER,  NASA,  Goddard 
Space  Flight  Center,  Greenbelt,MD 

APPLICAT.10N  OF  THE  SUITS  REFLEC- 
TANCE MODEL  TO  DISEASED  RICE 
CANOPIES 

G.  KNOLL,  Institut  fur  Physik- 
alische  Weltraumforschung, 

Freiberg,  West  Germany 

USE  OF  MULTISPECTRAL  DATA  IN 
DESIGN  OF  FOREST  SAMPLE  SURVEYS 
S.  J.  TITUS  and  L.  C.  WENSEL, 
University  of  California, 

Berkeley,  CA 

MONITORING  IRRIGATED  LAND  ACREAGE 
USING  LANDSAT  IMAGERY:  AN  APPLICA- 
TION EXAMPLE 

WILLIAM  C.  DRAEGER,  Technicolor 
Graphic  Services,  Inc.,  Sioiix 
Falls,  SD 


[Pllj  ON  THE  PHOTOGRAPHIC  PROCESSING 
AND  DIGITAL  TEXTURE  FOR  REMOTE 
SENSING  OF  KUJUKURI'S  COAST  OF 
CHIBA  IN  JAPAN 
H.  GENDA,  Chiba  University, 

K.  TAKEDA,  Science  and  Tech- 
nology Agency  and  H.  OKAYAMA, 
Chiba  University,  Chiba,  Japan 

LANDSAT  DETECTION  OF  HYDROTHERMAL 
ALTERATION  IN  THE  NOGAL  CANYON 
CALDRON,  NEW  MEXICO 
ROBERT  K.  VINCENT,  GeoSpectra 
Corp.,  Ann  Arbor,  MI;  GEORGE 
ROUSE,  Earth  Sciences,  Inc., 
Golden,  CO 

[P13J  AUTOMATED  IMAGE  PROCESSING  OF 
LANDSAT  2 DIGITS  DATA,  FOR 
WATERSHED  RUNOFF  PREDICTION 
ROBERT  R.  S^SSO,  JOHN  R.  JENSEN, 
and  JOHN  Ey’ ESTES,  University 
of  California,  Santa  Barbara,  CA 

[P14]  MICROWAVE WlTISPECTRAL  INVES- 
TIGATIONS OF  SNOW 
E.  S CHANDA  and  R.  HOFER, 
University  of  Berne,  Berne, 
Switzerland 


[P15]  APPLICATION  OF  LANDSAT  DATA  TO 
WETLAND  STUDY  AND  LAND  USE 
CLASSIFICATION  IN  WEST  TENNESSEE 
N.  L.  JONES  and  F.  SHAHROKHI 
The  University  of  Tennessee  Space 
Institute,  Tullahoma,  TN 


[P133]  REMOTE  SENSING  EXPLORATION  FOR 
METALLIC  MINERAL  RESOURCES  IN 
BAJA  CALIFORNIA 

RALPH  N.  BAKER,  Space  Division, 
General  Electric  Co.,  Beltsville, 
MD 


[P16]  TESTING  THE  ACCURACY  OF  REMOTE 
SENSING  LAND  USE  MAPS 
J.  L.  VAN  GENDEREN  and  P.  A.  VASS 
Fairey  Surveys,  Ltd.,  Berkshire, 
England;  B.  F.  LOCK,  Salisbury 
College  of  Advanced  Education, 
Adelaide,  Australia 


SESSION  6 

(Rackham  Lecture  Hall) 

GEOLOGY  AND  MINERAL  RESOURCES 

Presiding:  W.  R.  HEMPHILL,  EROS 

Program,  USGS,  Res ton,  VA 


[P17] 


[P18] 


[P19] 


[E20] 


[P21] 


PRESENT  AND  FUTURE  OPERATIONAL  1330 
NOAA  SATELLITE  OCEANOGRAPHIC 
PRODUCTS:  AN  INTRODUCTION 
J.  K.  KALINOWSKI,  T.  L.  SIGNORE, 

W.  G.  PICHEL,  C,  C.  WALTON,  R.  L. 
BROWER,  S.  R.  BROWN  and  K.  G. 
BENNEKAMPER,  National  Environ-  1400 

mental  Satellite  Service,  Dept, 
of  Commerce-NOAA , Suitland,  MD 

POLARIMETER  MEASURES  OF  SEA  STATE 
USING  EMITTED  INFRARED  RADIATION 
W.  G.  EGAN  and  T.  HILGEMAN, 

Grumman  Aerospa,ce  Corp,,  1430 

Eethpage,  NY 

SCATTEROMETER  RESULTS  FROM  SHORE- 
FAST  AND  FLOATING  SEA  ICE  OBSERVED 
OFF  THE  CANADIAN  EAST  COAST 
L.  GRAY,  J.  CIHLAR,  S.  PARASHAR 
and  R.  WORSFOLD,  Canada  Centre 
for  Remote  Sensing,  Ottawa, 

Ontario , Canada 

REMOTE  SENSING  OF  LAKE 
EUTROPHICATION 

B.  M0LLER  S0RENSEN,  B.  STRUM  and 
G.  MARACCI,  Joint  Research 
Center,  Ispara,  Italy 


[15]  GEOLOGIC  LINEARS:  REMOTELY 
SENSED  BONANZAS  AND  EXTRA- 
VAGANZAS 

D.  U.  WISE,  University  of 
Massachusetts,  Amherst,  MA 

[16]  COMPARATIVE  PLANETOLOGY  - 
IDEAS  AND  METHODOLOGY: 

THEIR  APPLICATION  TO  TER- 
RESTRIAL GEOLOGIC  PROCESSES 
H.  MASURSKY,  USGS,  Flagstaff, 
AZ 

[17]  INDUSTRIAL  USE  OF  GEOLOGICAL 
REMOTE  SENSING  FROM  SPACE 

F.  B.  HENDERSON,  Geo sat 
Committee,  San  Francisco, CA 

SESSION  7 

(Rackham  Amphitheater) 
METEOROLOGICAL  APPLICATIONS 


Presiding:  H.  S.  MOORE,  National 

Oceanic  and  Atmospheric 
Administration,  Rockville, MD 

1330  [18]  METEOROLOGICAL  SENSORS  & 

RELATED  TECHNOLOGY  FOR  THE 
EIGHTIES 

L.  HEACOCK,  National  Environ- 
mental Satellite  Service, 

NOAA,  Suitland,  MD 

OPERATIONAL  DATA  PROCESSING- 
THE  FIRST  TEN  YEARS  ARE  THE 
HARDEST 

J.  A.  LEESE  and  C.  L.  BRISTOR, 
National  Environmental 


AN  OPERATIONAL,  MULTISTATE,  EARTH 
OBSERVATION  DATA  MANAGEMENT 
SYSTEM 

L.  F.  EASTWOOD,  JR.,  C.  T.  HILL, 

R.  P.  MORGAN  and  J.  K.  GOHAGEN,  1400  [19] 

Center  for  Development  Technology, 
Washington  University,  St.  Louis, 

MO 


[P130]  REINDEER  RANGE  INVENTORY  IN 

WESTERN  ALASKA  FROM  COMPUTER- 
AIDED  DIGITAL  CLASSIFICATION  OF 
LANDSAT  DATA 

T.  H.  GEORGE,  W.  J.  STRINGER  and 
J.  N.  BALDRIDGE,  Geophysical 
Institute,  University  of  Alaska, 
Fairbanks , AK 


Satellite  Service,  NOAA, 
Suitland,  MD 

1430  [20]  OPERATIONAL  UTILIZATION  OF 

REMOTELY  SENSED  DATA 
J.  B.  JONES,  National 
Weather  Service,  NOAA, 
Silver  Spring,  MD 


V 


I 


T 
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1530  POSTER  SESSION  B 

(Michigan  League  Ballrooin) 

[P22]  INVESTIGATION  OF  THEMATIC  MAPPER 

SPATIAL,  RADIOMETRIC,  AND  SPECTRAL 
RESOLUTION 

J.  P.  MORGENSTERN  and  R.  F, 
NALEPKA,  Environmental  Research 
Institute  of  Michigan,  Ann  Arbor, 
MI;  J.  D.  ERICKSON,  NASA,  Johnson 
Space  Center,  Houston,  TX 

[P23]  THEORETICAL  AND  EXPERIMENTAL 

TESTS  OF  THE  SUITS  REFLECTANCE 
MODELS  FOR  WHEAT  AND  COTTON 
J.  E.  CHANGE  and  E.  W.  LeMASTER, 
Pan  American  University,  Edinburg, 
TX 


[P30]  THE  USE  OF  LANDSAT  IMAGERY  TO 

LOCATE  UNCHARTED  COASTAL  FEATURES 
ON  THE  LABRADOR  COAST 
E.  A.  FLEMING,  Surveys  and  Mapping 
Branch,  EMR;  D.  D.  LeLIEVRE, 
Canadian  Hydrographic  Service, 
Ottawa,  Ontario,  Canada 

[P31]  ALTERATION  MAPPING  AT  GOLDFIELD, 

NEVADA,  BY  CLUSTER  AND  DISCRIMINANT 
ANALYSIS  OF  LANDSAT  DIGITAL  DATA 
GARY  BALLEW,  Stanford  University, 
Stanford,  CA 

P32  QUATERNARY  GEOLOGIC  MAP  OF 
MINNESOTA 

JOSEPH  E.  GOEBEL,  University  of 
Minnesota,  St.  Paul,  MN 


[P24]  ESTIMATION  OF  OLD  FIELD  ECOSYSTEM  [P33]  REMOTE  SENSING-AIDED  SYSTEMS  FOR 
BIOMASS  USING  LOW  ALTITUDE  IMAGERY  SNOW  QUANTIFICATION,  EVAPOTRANS- 


S.  M.  NOR,  G.  SAFIR,  T.  M.  BURTON, 
J.  E.  HOOK  and  G.  SCHULTINK, 
Michigan  State  University,  East 
Lansing,  MI 

[P25]  THE  EFFECT  OF  SOIL  WATER  DEFICIT 
ON  THE  MEASURED  REFLECTANCE  OF 
CONIFER  SEEDLINGS  IN  MICHIGAN 
LAWRENCE  FOX  III,  Humboldt  State 
University,  Areata,  CA 

[P26]  DIGITAL  ANALYSIS  OF  LANDSAT  DATA 
FOR  SURVEYING  NATURAL  RESOURCES 
IN  WESTERN  SUDAN 
M.  BAUMGARDNER  and  S.  KRISTOF, 
LARS,  Purdue  University,  West 
Lafayette,  IN;  Y.  YAGOUB, 

Ministry  of  Agriculture,  Food 
and  Natural  Resources,  Khartoun, 
Sudan 

rP27]  EMPIRICAL  CORRECTION  FOR  ATMOS- 
PHERIC AEROSOLS  IN  LANDSAT  IMAGES 
M.  M.  TAYLOR,  Defense  & Civil 
Institute  of  Environmental 
Medicine,  Downsview,  Ontario, 
Canada;  E.  J.  LANGHAM,  Department 
of  Fisheries  & Environment, 

Ottawa,  Ontario,  Canada 

[P28]  USE  OF  CLEAR  LAKES  AS  STANDARD 
REFLECTORS  FOR  ATMOSPHERIC 
MEASUREMENTS 

F.  J.  AHERN,  D.  G.  GOODENOUGH, 

S.  C.  JAIN  and  V.  R.  RAO,  Canada 
Centre  for  Remote  Sensing,  Ottawa 
Ontario,  Canadfj;  G.  ROCHON,  Laval 
University,  Quebec  City.  Quebec, 
Canada 


PIRATION  ESTIMATION,  AND  THEIR 
APPLICATION  IN  HYDROLOGIC  MODELS 
SIAMAK  KHORRAM,  University  of 
California,  Berkeley,  CA 

[P34]  APPLICATION  OF  AERIAL  PHOTOGRAPHY 
TO  WATER-RELATED  PROGRAMS  IN 
MICHIGAN 

W.  R.  ENSLIN,  &.  HILL-ROWLEY  and 
S.  E.  TILMANN,  Michigan  State 
University,  East  Lansing,  MI 

[P35]  AQUATIC  PLANT  REMOTE  SENSING 

K.  S.  LONG  and  L.  E.  LINK,  JR., 
U.S.  Army  Engineer  Waterways 
Experiment  Station,  Vicksburg, MS 

[P36]  PRODUCTION  OF  A MAP  OF  LAND -USE 
IN  IOWA  THROUGH  MANUAL  INTER- 
PRETATION OF  LANDSAT  IMAGERY 
RAYMOND  R.  ANDERSON,  Iowa 
Geological  Survey,  Iowa  City,  lA 

[P37]  THE  APPLICATION  OF  IR-  AND  MSS- 
DATA  IN  THE  RUHR  DISTRICT, 

GERMANY 

P.  STOCK,  Siedlungsverband 
Ruhrkohlenbezik,  Essen,  West 
Germany 

IP38]  POTENTIAL  APPLICATIONS  OF 

DIGITAL,  VISIBLE  AND  INFRA-RED 
DATA  FROM  GEOSTATIONARY  ENVIRON- 
MENTAL SATELLITES 
D.  B.  MILLER,  J.  D.  TARPLEY, 

M.  P.  WATERS,  III,  and  R.  N. 
GREEN,  National  Environmental 
Satellite  Service,  Dept,  of 
Commerce,  NOAA,  Suitland,  MD 


[P,29]  A LOW-COST  SYSTEM  FOR  RECEPTION 
AND  HANDLING  OF  LINE- SCAN  DATA 
FROM  LANDSAT  AND  OTHER  SOURCES 
D.  S.  SLOAN,  B.  C.  ISHERWOOD  and 
J.  S.  MacDONALD,  MacDonald 
Dettwiler  & Associates,  Ltd., 
Vancouver,  British  Columbia,  , 
Canada 


[P39]  STUDY  OF  THE  BRAZIL  AND  FALKLAND 
CURRENTS  USING  THIR  IMAGES  OF 
NIMBUS  V AND  OCEANOGRAPHIC  DATA 
IN  1972  TO  1973 

Y.  C.  TSENG,  H.  M.  INOSTROZA  V. 
and  R.  KUMAR,  Institute  de 
Pesquisas  Espacials,  S. Paulo, 
Brazil 


[P40]  NASA/ COUSTEAU  OCEAN  BATHYMETRY 
EXPERIMENT 

FABIAN  C.  POLCYN,  Environmental 
Research  Institute  of  Michigan, 
Ann  Arbor,  MI 

[P41]  LANDSAT  DIGITAL  DATA  FOR  WATER 
POLLUTION  AND  WATER  QUALITY 
STUDIES  IN  SOUTHERN  SCANDINAVIA 
ULF  HELLDEN,  University  of  Lund, 
Lund,  Sweden;  INGVAR  AKERSTEN, 
National  Defence  Research 
Institute,  Stockholm,  Sweden 

[P42]  INDICATORS  OF  INTERNATIONAL 
REMOTE  SENSING  ACTIVITIES 
G.  WILLIAM  SPANN,  METRICS,  Inc., 
Atlanta,  GA 

[P129]  QUANTITATIVE  EVALUATION  OF 

DYNAMIC  WATER  BODIES  BY  MEANS 
OF  THERMAL  INFRARED  AND  MULT I - 
SPECTRAL  SURVEYS  ON  THE 
VENETIAN  LAGOON 

L.  ALBEROTANZA  and  G.  M.  LECHI, 
Istituto  Per  ua  Geofisica  Della 
Litosfera,  Milano,  Italy 

[P134]  A RECTANGULAR  COORDINATE  SYSTEM 
FOR  GEOMETRICALLY  CORRECTED 
LANDSAT  MSS  IMAGES 
F.  TRAGNI,  Lockheed  Electronics 
Co.,  Inc.,  Houston,  TX 

1830  SOCIAL  HOUR  AND  BANQUET 

BANQUET  ADDRESS  "REBIRTH  OF  REMOTE 
SENSING  - DO  WE  KNOW  ENOUGH  FOR  OUR 
OWN  GOOD?" 

THE  HONORABLE  ROBERT  L.  HERBST, 
Assistant  Secretary  of  the  Interior 
for  Fish  and  Wildlife  and  Parks , 
Washington,  D.C. 

WEDNESDAY  APRIL  27 

SESSION  8 

(Rackham  Lecture  Hall) 

ECONOMIC  AND  INSTITUTIONAL  ISSUES 

Presiding:  K.  P.  HEISS,  ECON,  Inc. , 

Princeton,  NJ 

0830  [21]  GATHERING  AND  USING  INFOR- 

MATION ON  A GLOBAL  SCALE 
C.  W.  MATHFWS,  Consultant, 
Senate  Aeroi’autical  and 
Space  Sciences  Committee, 
Washington,  D.C. 


” / 


0900  [22]  U.S.  INITIATIVES  FOR  REMOTE 

SENSING  APPLICATIONS  IN  THE 

developing  world 

J,  K.  WILHELM,  U.S.  Agency 
for  International  Develop- 
ment, Department  of  State, 

Washington,  D.C. 

0930  [23]  THE  PRESENT  STATUS  OF  REMOTE 

SENSING  IN  THE  UNITED  NATIONS 
E,  GALLOWAY,  International 

Institute  of  Space  Law  of  = 

the  International  Astronautical 
Federation,  Washington,  D.C. 

PANEL  DISCUSSION 

1030  POSTER  SESSION  C 

(Michigan  League  Ballroom) 

[P43]  VIZIR  - THE  SEP  HIGH  RESOLUTION 
IMAGERY  DISPLAY  UNIT  - PRINCIPLE 
PERFORMANCES  - FIELDS  OF  APPLICA- 
TION 

M.  L.  SALTER  and  M.  G.  MAINCENT, 

Societe  Europecne  de  Propulsion, 

Vernon,  France 

[P44]  TWO  PHASE  SAMPLING  FOR  TWEAT 
ACREAGE  ESTIMATION 
R.  W.  THOMAS  and  C.  M.  HAY, 

University  of  California, 

Berkeley,  CA 

y 

[P45]  CLASSIFICATION  OF  LANDSAT 

AGRICULTURAL  DATA  BASED  UPON 
COLOR  TRENDS 

J.  D.  TUBBS,  University  of 
Arkansas,  Fayetteville,  AR 

[P46]  THE  USE  OF  LANDSAT  DIGITAL  DATA 
TO  DETECT  AND  MONITOR  VEGETATION 
WATER  DEFICIENCIES 
DAVID  R.  THOMPSON  and  OSCAR  A. 

WEHMANEN,  NASA,  Johnson  Space 
Center,  Houston,  TX 

[P47]  PRE-VISUAL  DETECTION  OF  FOREST 
STRESS 

CHARLES  E.  OLSON,  JR.,  The 

University  of  Michigan,  Ann  Arbor,  t 

MI 

[P48 ] VIEW  ANGLE  EFFECT  IN  LANDSAT 
IMAGERY 

TOYOHISA  KANEKO,  IBM  Corp . ; JOHN 
L.  ENGVALL,  NASA,  Johnson  Space 
Center,  Houston,  TX 

[P49]  LAND  USE  CLASSIFICATION  USING 

OPTICAL  POWER  SPECTRUM  ANALYSIS: 

A FURTHER  STUDY  OF  PARAMETER 
DEPENDENCIES 

D.  L.  TINGEY,  Boeing  Aerospace 
Corp. , Seattle,  WA 


[P50] 


[P51] 


[P52] 


[P53] 


[P54] 


[P55] 


[P56] 


[P57] 


[P58] 


INTERACTIVE  IMAGE  PROCESSING  [P59] 
TECHNIQUES  USING  THE  PLESSEY 
IDP  3000 

0.  E.  MORGAN,  D.  M.  RALSTON 
and  N.D.E,  CUSTANCE,  Plessey 
Radar  Research  Centre,  Hampshire 
Havant,  England 

[P60] 

APPLICATION  OF  REMOTE  SENSING  TO 
THE  SITING  OF  THE  WARM  SPRINGS 
DAM,  SOMONA  COUNTY,  CALIFORNIA 
ROBERT  REED,  Dames  & Moore, 

Cranford,  NJ 

CARTOGRAPHIC  SUITABILITY  OF  fP61] 

LANDSAT  IMAGERY 

A.  K.  BAGCHI,  University  of  I'; 

Roorkee,  Roorkee,  India  '' 

REMOTE  INFRARED  SPECTROSCOPY  OF 
THE  EARTH 

R.  STEINMANN,  Deutsche  Forschungs[P62] 
und  Versuchsanstalt  fur  Luft-und 
Raumfahrt,  Koln,  West  Germany 

IMAGE  ANALYSIS  TECHNIQUES  WITH 
SPECTRAL  REFERENCE  TO  ANALYSIS 
AND  INTERPRETATION  OF  GEOLOGICAL 
FEATURES  FROM  LANDSAT  IMAGERY 
D.  S.  KAMAT,  L.  K.  MAJUMDER  and 
V.  L.  SWAMINATHAN,  Space  Applica- 
tions Centre,  Ahmedabad,  India  [P63] 

MULTIDATE  MAPPING  OF  MOSQUITO 
HABITAT 

THOMAS  WOODZICK  and  EUGENE  L. 

MAXWELL,  Colorado  State 
University,  Fort  Collins,  CO 

LATE  WISCONSINAN  DEGLACIATION  OF 
THE  NORTHERN  MIDWEST  INTERPRETED  [P131] 
FROM  A SPRINGTIME  LANDSAT  COLOR 
MOSAIC 

JAMES  R.  LUCAS,  Technicolor 
Graphic  Services,  Inc.;  JAMES  V. 
TARANIK,  U.S.  Geological  Survey, 

Sioux  Falls,  SD 

[P135] 

NECESSITY  TO  ADAPT  LAND  USE  AND 
LAND  COVER  CLASSIFICATION 
SYSTEMS  TO  READILY  ACCEPT  RADAR 
DATA 

BEN  DRAKE , Old  Dominion 
University,  Norfolk,  VA 


PROCESSING  OF  SATELLITE  IMAGERY 
AT  THE  NATIONAL  ENVIRONMENTAL 
SATELLITE  SERVICE 
M.  CROWE,  National  Environmental 
Satellite  Service,  U.S.  Dept,  of 
Commerce-NOAA,  Suitiand,  MD 

REMOTE  SENSING  OF  OCEAN  COLOR 
AND  DETECTION  OF  CHLOROPHYLL 
CONTENT 

P.  Y.  DESCHAMPS,  P.  LECOMTE  and 
M.  VIOLLIER,  Universite  de  Lille, 
Villeneuve  D'Ascq. , France 

TEXTURAL  ANALYSIS  BY  STATISTICAL 
PARAMETERS  AND  ITS  APPLICATION 
TO  THE  MAPPING  OF  FLOW-STRUCTURES 
IN  WETLANDS  BY  AERIAL  PHOTOGRAPHS 
ULRICH  WIECZOREK,  Universitat 
Munchen,  Munchen,  West  Germany 

PRODUCTION  OF  A WATER  QUALITY 
MAP  OF  SAGINAW  BAY  BY  COMPUTER 
PROCESSING  OF  LANDSAT-2  DATA 
JOHN  B.  McKEON  and  ROBERT  H. 
ROGERS,  Bendix  Aerospace  Systems 
Division,  Ann  Arbor,  MI;  V. 
ELLIOTT  SMITH,  CranbrooL 
Institute  of  Science,  Bloomfield 
Hills,  MI 

REMOTE  SENSING  UTILIZATION  BY 
DEVELOPING  COUNTRIES:  AN 

appropriate  technology 

M.  W.  CONITZ , U.S.  Agency  for 
International  Development, 
Washington,  D.C.  and  D.  S.  LOWE, 
Environmental  Research  Institute 
of  Michigan,  Ann  Arbor,  MI 

IMPACT  OF  ENVIRONMENTAL  INFORMA- 
TION FROM  LANDSAT  TO  PETROLEUM 
EXPLORATION  IN  THE  GULF  OF 
ALASKA 

J.  M.  MILLER,  University  of 
Alaska,  Fairbanks,  AK 

SURVEY  OF  USERS  OF  EARTH  RE- 
SOURCES REMOTE  SENSING  DATA 

G.  E.  WUKELIG,  J,  G.  STEPHAN, 

H.  E.  SMAIL  and  T.  F.  EBBERT, 
Battelle,  Colimibus  Laboratories, 
Columbus,  OH 


APPLICATION  OF  AIRBORNE  INFRARED 
TECHNOLOGY  TO  MONITOR  BUILDING 
HEAT  LOSS 

ROBERT  E.  SAMPSON  and  FRED  J. 
TANIS,  Environmental  Research 
Institute  of  Michigan, 

Ann  Arbor,  MI 


SESSION  9 

(Rackham  Lecture  Hall) 

AGRICULTURE,  FORESTRY, 
RANGELAND  RESOURCES 

Presiding:  A.  B.  PARK,  Space  Division, 

General  Electric  Company, 
Beltsville,  MD 


1330 


1400 


1430 


[24]  PROGRESS  AND  NEEDS  IN  [P66] 

AGRICULTURAL  RESEARCH, 
DEVELOPMENT,  AND  APPLICA- 
TIONS PROGRAMS 

D.  G.  MOORE  and  V.  I. 

MYERS,  South  Dakota 
University,  Brookings,  SD 

[P67] 

[25]  REMOTE  SENSING  AND  TODAY'S 
FORESTRY  ISSUES 

L.  SAYN- WITTGENSTEIN, 

Forest  Management  Institute, 
Canadian  Forestry  Service, 

Ottawa,  Ontario,  Canada 

[P68] 

[26]  REMOTE  SENSING  IN  RANGELAND 
MANAGEMENT:  AN  OVERVIEW  OF 
APPLICATIONS  AND  BENEFITS 
D.  M.  CARNEGGIE,  EROS  Data 
Center,  USGS,  Sioux  Falls, 

SD 

'[P69] 


SESSION  10 

(Rackham  Amphitheater) 


OCEAN  AND  COASTAL  APPLICATIONS 


original 

! OP  POOR  Qi:^' 

therp)al  imagery  for  census 
OF  UKUULATES 

MARC  iC.  WRIDE,  INTERA  Environ- 
ments!! Consultants,  Ltd.; 

KEITE  BAKER,  Parks  Canada, 
CalgSry,  Alberta,  Canada 

REMOl’E  SENSING  IN  OPERATIONAL 
RANGE  MANAGEMENT  PROGRAMS  IN 
WESTERN  CANADA 
M.  DIANE  THOMPSON,  INTERA 
Environmental  Consultants,  Ltd., 
Calgary,  Alberta,  Canada 

AN  APPLICATION  OF  LANDSAT 
DIGITAL  TECHNOLOGY  TO  FOREST 
FIRE  FUEL  TYPE  MAPPING 
P.  KOURTZ,  Forest  Fire  Research 
Institute,  Ottawa,  Ontario, 
Canada 

LANDSAT  IMAGE  INTERPRETATION 
AIDS 

R.  A.  ABOTTEEN  and  H.  MALEK, 
Lockheed  Electronics  Co . , 
Houston,  TX 


[P70] 


[P71] 

1400  [28]  OUTLOOK  FOR  REMOTE  SENSING 

IN  THE  COASTAL  ZONE 
P.  G.  TELEKI  and  A.  N. 

KOVER,  U.S.  Geological 

Survey,  Reston,  VA  [P72] 

1430  [29]  COASTAL  WETLANDS  IN  RE- 

LATION TO  THE  PRESENT  AND 
FUTURE  -ROLE  OF  REMOTE 

sensing; 

V.  CARTER,  U.S.  Geological 
Survey,  Reston,  VA 

1530  POSTER  SESSION  D 

(Michigan  League  Ballroom)  [P73] 

[P64]  DATA  PROCESSING  FOR  NASA'S  FIRST 
SPACE  BASED  SYNTHETIC  APERTURE 
RADAR 

S.  WALTER  McCANDLESS,  JR.,  NASA, 
Washington,  D.C. 

[P74] 

[P65]  EVALUATION  OF  SPECTRAL  CHANNELS 
AND  WAVELENGTH  REGIONS  FOR 
SEPARABILITY  OF  AGRICULTURAL 
COVER  TYPES 

R.  KUMAR,  Instituto  de  Pesquisas 
Espaciais  (INPE) , S. Paulo, Brazil 


Presiding:  V.  KLEMAS , University  of 

Delaware,  Newark,  DE 

1330  [27J  CURRENT  AND  FUTURE 

^ SATELLITES  FOR  OCEAN 

MONITORING 

J.  W.  SHERMAN,  III, 

" National  Environmental 
Satellite  Service,  NOAA, 
Suitland,  MD 


DIGITAL  PROCESSING  SYSTEM  FOR 
DEVELOPING  COUNTRIES 
CHRIS  NANAYAKKARA,  Deputy 
Surveyor  General  of  Sri  Lanka, 
Colombo,  Sri  Lanka;  HARVEY 
WAGNER,  Environmental  Research 
Institute  of  Michigan,  Ann  Arbor, 
MI 

REMOTE  SENSING  AND  GEOGRAPHICALLY 
BASED  INFORMATION  SYSTEMS 
RICHARD  C.  CICONE,  Environmental 
Research  Institute  of  Michigan, 
Ann  Arbor , MI 

INTEGRATION  OF  REMOTE  SENSING 
AND  SURFACE  GEOPHYSICS  IN  THE 
DETECTION  OF  FAULTS 
PHILIP  JACKSON,  ROBERT 
SHUCHMAN  and  HARVEY  WAGNER, 
Environmental  Research  Institute 
of  Michigan,  Ann  Arbor,  MI; 

FRANK  RUSKEY,  U.S.  Bureau  of 
Mines , Denver , CO 

EVALUATION  OF  ALGORITHMS  FOR 
GEOLOGICAL  THERMAL  INERTIA 
MAPPING 

S.  H.  MILLER  and  KEN  WATSON, 

U.S.  Geological  Survey,  Denver, 

CO 

USE  OF  THERMAL -INFRARED  IMAGERY 
IN  GROUND-WATER  INVESTIGATIONS, 
MONTANA 

A.  J.  BOETTCHER  and  R.  M. 
HARALICK,  U.S.  Geological 
Survey,  Helena,  MT 


[P75] 


[P76] 


[P77] 


[P78] 


[P79] 


[P80] 


[P81] 


[P82] 


SATELLITE  LAND  USE  ACQUISITION 
AND  APPLICATION  TO  HYDROLOGIC 
PLANNING  MODELS 

R.  ALGAZI  and  M.  SUK,  University 
of  California,  Davis,  CA 

LAND  UTILIZATION  AND  ECOLOGICAL 
ASPECTS  IN  THE  SYLHET- 
MYMENSINGH  HAOR  REGION  OF 
BANGLADESH:  AN  ANALYSIS  OF 
TANTl'^AT  DATA 

M.  I.  CHOWDHURY  and  K.  MAUDOOD 
ELAHI,  Jahangirnagar  University, 
Dacca,  Banglade&i| 

RURAL  LANDSCAPE  ASSESSMENT:  A 
COMPARATIVE  EVA/i-UATION  OF  HIGH 
PLATFORM  REMOTL  SENSING 
BERNARD  J.  NIEMANN,  JR.,  The 
University  of  Wisconsin, 

Madison,  WI 


[P83]  APPLICATION  OF  LAND SAT  TO 
MAPPING  INLAND  LAKE  WATER 
QUALITY  AND  WATERSHED  LAND  USE 
ROBERT  H.  ROGERS  and  J.  B. 
McKEON,  Bendix  Aerospace 
Systems  Division,  Ann  Arbor,  MI 

[P84]  EXPERIMENTAL  LAND  SYSTEMS 

MAPPING  WITH  DIGITAL  LANDSAT 
IMAGES 

C.  J.  ROBINOVE,  U.S.  Geological 
Survey,  Res ton,  VA 

[P132]  A FIRST  INTERPRETATION  OF  EAST 

AFRICAN  SWIDDENING  VIA  COMPUTER- 
ASSISTED  ANALYSIS  OF  3 LANDSAT 
TAPES 

F.  P.  CONANT,  Hunter  College, 
City  University  of  New  York, 

New  York,  NY;  T.  K.  CARY, 
Columbia  University,  New  York, 

NY 


USE  OF  AERIAL  THERMOGRAPHY  IN 
CANADIAN  ENERGY  CONSERVATION 
PROGRAMS 

J.  CIHLAR  and  R.  J.  BROWN, 

Canada  Centre  for  Remote 
Sensing,  Ottawa;  G.  LAWRENCE, 
Ontario  Centre  for  Remote 
Sensing,  Toronto;  B.  JAMES, 
Office  of  Energy  Conservation, 
Ottawa,  Ontario,  Canada 

CAPABILITIES  OF  OPERATIONAL 
INFRARED  SOUNDING  SYSTEMS  FROM 
SATELLITE  ALTITUDE 
LARRY  McMILLIN,  National 
Environmental  Satellite  Service, 
U.S.  Department  of  Commerce, 
NOAA,  Suitland,  MD 

A MULTICHANNEL  PASSIVE  MICRO- 
WAVE  ATMOSPHERIC  TEMPERATURE 
SOUNDING  SYSTEM 

M.  E.  LOUAPRE  and  K.  A.  PARADIS, 
Aerojet  ElectroSystems  Co., 
Azusa,  CA 

MAPPING  DIURNAL  VARIATIONS  IN 
CHLOROPHYLL  "a",  TRANSPARENCY, 
AND  SURFACE  TEMPERATURES  IN  THE 
NEW  YORK  BIGHT 

FABIAN  C.  POLCYN,  Environmental 
Research  Institute  of  Michigan, 
Ann  Arbor,  MI;  DENNIS  CLARK  and 
JAMES  ZAITZEFF,  National  En- 
vironmental Satellite  Service, 
U.S.  Department  of  Commerce- 
NOAA,  Suitland,  MD 


[P136]  WHEAT  YIELD  FORECASTS  USING 
LANDSAT  DATA 

J.  E.  COLWELL,  D.  P.  RICE  and 
R.  F.  NALEPKA,  Environmental 
Research  Institute  of  Michigan, 
Ann  Arbor , MI 


THURSDAY 


APRIL  28 


SESSION  11 

(Rackham  Lecture  Hall) 

TRANSFER  OF  TECHNOLOGY  AND  INFORMATION 

Presiding:  W.  M.  STROME,  Canada  Centre 

for  Remote  Sensing,  Depart- 
ment of  Energy,  Mines  and 
Resources,  Ottawa,  Ontario, 
Canada 

0830  [30]  AN  OVERVIEW  OF  REMOTE 

SENSING  TECHNOLOGY  TRANSFER 
IN  THE  U.S.  AND  CANADA 
W.  M.  STROME,  Canada  Centre 
for  Remote  Sensing,  Ottawa, 
Ontario,  Canada,  and  D.  T. 
LAUER,  EROS  Data  Center, 

U.S.  Geological  Survey, 

Sioux  Falls , SD 

0855  [31]  INTERNATIONAL  EFFORTS  TO- 

WARD TRANSFER  OF  REMOTE 
SENSING  TECHNOLOGY 
R.  0.  CHIPMAN,  formerly 
Outer  Space  Affairs  Division, 
United  Nations,  New  York,  NY 


EVALUATION  OF  CHANGE  DETECTION  0920 
TECHNIQUE  FOR  MONITORING  COASTAL 
ZONE  ENVIRONMENTS 
R.  WEISMILLER,  S.  KRISTOF,  D. 

SCHOLZ,  P.  ANUTA  and  S.  MOMIN, 

LARS,  Purdue  University,  West 
Lafayette,  IN 

X 


[32]  TRANSFER  OF  REMOTE  SENSING 
TECHNOLOGY  FROM  THE  UN  AND 
INDUSTRIALIZED  NATIONS  TO 
OTHER  NATIONS-NEED  FOR  A 
GUIDED  APPROACH 
A.  A.  ABIODUN,  Department  of 
Agricultural  Engineering, 
University  of  Ife,  Ile-Ife, 
Nigeria 


J 


1030  POSTER  SESSION  E 

(Michigan  League  Ballroom) 

[P85]  AIRBORNE  OCEANOGRAPHIC  LIDAR 
SYSTEM 

C.  BRESSEL,  J.  E.  NUNES  and  I. 
ITZKAN,  Avco  Everett  Research 
Laboratory,  Everett,  MA;  F.  KOGE; 
NASA,  Wallops  Flight  Center, 
Wallops  Island,  VA 

[P86]  COMPUTER  AIDED  CLASSIFICATION 
FOR  REMOTE  SENSING  IN  AGRICUL- 
TURE AND  FORESTRY  IN  NORTHERN 
ITALY 

J.  DEJACE  and  J.  MEGIER,  Joint 
Research  Center,  Ispra,  Italy 

[P87]  THE  INFLUENCE  OF  MULTISPECTRAL 
SCANNER  SPATIAL  RESOLUTION  ON 
FOREST  FEATURE  CLASSIFICATION 
F.  G.  SADOWSKI,  W.  A.  MALILA, 

J.  E.  SARNO  and  R.  F.  NALEPKA, 
Environmental  Research  Institute 
of  Michigan,  Ann  Arbor,  MI 

[P88]  REDUCING  LANDSAT  DATA  TO  PARA- 
METERS WITH  PHYSICAL  SIGNIFI- 
CANCE AND  SIGNATURE  EXTENSION- 
REALISTIC,  ALTHOUGH  CYNICAL, 

VIEW  OF  LANDSAT  CAPABILITIES 
BETTE  C.  SALMON-DREXLER, 
GeoSpectra  Corp . , Ann  Arbor,  MI 

[P89]  AERIAL  ALBEDOS  OF  NATURAL  VEGE- 
TATION IN  SOUTH-EASTERN 
AUSTRALIA 

J.  A.  HOWARD,  Food  and  Agri- 
culture Organization,  Rome, 

Italy 

[P90]  BLOB,  AN  UNSUPERVISED  CLUSTERING 
APPROACH  TO  SPATIAL  PREPROCESS- 
ING OF  MSS  IMAGERY 

R.  KAUTH,  A.  PENTLAND  and  G. 
THOMAS,  Environmental  Research 
Institute  of  Michigan,  Ann  Arbor 
MI 

[P91]  MULTISPECTRAL  SYSTEM  ANALYSIS 

THROUGH  MODELING  AND  SIMULATION 
W.  A.  MALILA,  J.  M.  GLEASON  and 
R.  C.  CICONE,  Environmental 
Research  Institute  of  Michigan, 
Ann  Arbor,  MI 

[P92]  A 'DIGITAL'  TECHNIQUE  FOR  MANUAL 
EXTRACTION  OF  DATA  FROM  AERIAL 
PHOTOGRAPHY 

LAURENCE  B.  ISTVAN  and  MARK  T. 
BONDY,  Environmental  Research 
Institute  of  Michigan,  Ann  Arbor 
MI 


[P93]  LINEARS  STUDY  IN  THE  FRIULI 
EARTHQUAKE  AREA:  APPLICATION 
OF  CONVENTIONAL  AND  ADVANCED 
TECHNIQUES  FOR  THE  INTERPRE- 
TATION OF  LANDSAT  2 IMAGES 
P.  CARDOMONE  and  G.  M.  LECHI, 
Istituto  per  la  Geofisica 
della  Litosfera  del  CNR  di 
Milano;  C.  M.  MARINO,  Universita 
di  Milano,  Milano,  Italy 

[P94]  APPLICATION  OF  LANDSAT  SATELLITE 
IMAGERY  FOR  IRON  ORE  PROSPECTING 
IN  THE  WESTERN  DESERT  OF  EGYPT 
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ABSTRACT 


These  Proceedings  contain  papers  presented  at  the 
Eleventh  International  Symposium  on  Remote  Sensing  of 
Environment,  held  April  25th  through  29th,  1977,  on  the 
campus  of  The  University  of  Michigan,  Ann  Arbor,  Mlchigan\ 
This  sympositim,  conducted  by  the  Environmental  Research 
Institute  of  Michigan,  is  part  of  a continuing  program 
investigating  current  activities  in  the  field  of  remote 
sensing.  The  meeting  is  primarily  intended  to  stimulate 
an  exchange  of  information  on  numerous  aspects  of  the 
field,  through  the  presentation  of  reports  on  work 
planned,  in  progress,  or  completed. 

Presentations  contained  herein  include  those  con- 
cerned with  the  utilization  of  this  technology  in 
various  national  and  international  programs  as.  well  as 
in  numerous  applications  for  monitoring  and  managing  the 
earth's  resources  and  man's  global  environment.  Ground- 
based,  airborne  and  spaceborne  sensor  systems  and  both 
manual  and  machine-assisted  data  analysis  and  interpre- 
tation are  included. 


EDITORIAL  NOTE 

Papers  contained  in  these  Proceedings  have  been  included 
in  the  order  of  presentation  at  the  symposium,  while  manuscripts 
not  received  in  time  to  meet  publication  deadlines  are,  wherever 
possible,  represented  by  comprehensive  summaries. 

An  author  index  and  the  revised  program  are  included  as- 
supplements  to  the  table  of  contents.  All  illustrative 
materials  have  been  reproduced  in  black  and  white  except  where 
individual  authors  elected  to  provide  their  own  color  prints. 
Readers  are  requested  to  contact  specific  authors  where  color 
prints  of  black  and  white  figures  are  desired. 

All  manuscripts  and/or  summaries  received  in  time  for 
publication  have  been  reproduced  here  exactly  as  provided  by 
the  authors.  Only  in  a few  selected  cases  of  non-U. S.  pre- 
sentations, where  publication  deadlines  precluded  adequate 
communication  with  the  author,  have  we  made  minor  editorial 
changes  in  an  attempt  to  clarify  the  English  translation. 
Otherwise,  all  material,  information,  and  conclusions  con- 
tained in  presentations  represented  in  these  Proceedings 
are  the  responsibility  of  specific  authors  and  not  of  ERIM, 
the  Program  Committee,  or  the  sponsoring  organizations. 

Requests  for  reprints  of  individual  papers  should  be 

directed  to  the  authors  while  additional  copies  of  the  entire 

Proceedings  are  available  from: 

Center  for  Remote  Sensing  Information  and  Analysis 
Environmental  Research  Institute  of  Michigo.,-. 

P.  0.  Box  8618 

Ann  Arbor,  Michigan  48107 


CONTENTS 


Program  Committee  

Program  

Abstract  

Editorial  Note  

Registrants  

Session  1 

Welcome  and  Introduction 

W.  M.  Brown  

Keynote  Address:  The  Problems  and  Opportunxt2.es 

W.  A.  Nierenberg  

The  Technological  Response 

D.  J.  Fink  

Session  2 

Sensing  the  Earth's  Environment  from  Space:  User  Needs  and 

Technology  Opportunities  _ _ 

R.  G.  Nagler  

Technology  Advances  in  Active  and  Passive  Microwave  Sensing 

Through  1985  ...... 

F.  T.  Barath . . • 


ii 

iii 

XV 

xvi 

xxviii 


1 

3 

27 


35 

51 


Session  3 

A.  Kaxigo  and  V.  Salomonson 

Microwave  Remote  Sensing  of  Hydrologic  Parameters 

F.  T.  Ulaby 

Utilization  of  Remote  Sensing  Observations  in  Hydrologic  Models 
R.  M.  Ragan  

Session  4 

The  Impact  of  R^“°te  Sensing  on  United  States^^^ 

The  Past  xn  Perspectxve,  Present  Keaxxrxes , 

J.  E.  Estes,  et  

Remote  Sensing  in  Geographic  Applications 

J,  R.  Anderson,  et  

Session  5 

Remote  Sensing  Data  Processing  - Two  Years  Ago,  Today,  and 
Two  Years  from  Today 

0.  A.  Holmes,  et  

A Survey  of  SAR  Image-Formation  Processing  for  Earth 

Resources  Applications  

R,  . B3.yin3.j  st  3.X.  


55 

67 

87 


101 

123 


125 

137 


xvii 


A Perspective  on  the  State  of  the  Art  of  Photographic 
Interpretation 

J.  E.  Estes  

Session  6 


Geologic  Lineaments : Remotely  Sensed  Bonanzas  and  Extravaganzas 

D.  U.  Wise  

Comparative  Planetology  Ideas  and  Methodology;  Their 
Application  to  Terrestrial  Geologic  Processes  ,, 

H.  Masursky  

Industrial  Use  of  Geological  Remote  Sensing  from  Space 

F.  B.  Henderson,  III 

Session  7 

Meteorological  Sensors  and  Related  Technology  for  the  Eighties 

E.  LfTIeacock 

Operational  Data  Processing  - The  First  Ten  Years  are  the  Hardest 
J.  A.  Leese  and  C.  L.  Bristor  


Operational  Utilization  of  Remotely  Sensed  Data 
J.  B.  Jones  


Banquet  Address:  Rebirth  of  Remote  Sensing  - Do  We  Know  Enough 

ForsOur  Own  Good? 

rN^L.  Herb  St  

Session\8  \ 

!! 

Gathering  and  Using  Information  on  a Global  Scale 

C.  VJ.  Mathews 


U.S.  Initiatives  for  Remote  Sensing  Applications  in  the 
Developing  World 

J.  K.  Wilhelm  


The  Present  Status  of  Remote  Sensing  in  the  United  Nations 
E.  Galloway  


Session  9 

Progress  and  Needs  in  Agricultural  Research,  Development,  and 
Applications  Programs 

D.  G.  Moore  and  V.  I.  Myers 

Remote  Sensing  and  Today's  Forestry  Issues 

L.  Sayn-Wittgenstein  

Remote  Sensing  in  Rangeland  Management:  An  Overview  of 

Applications  and  Benefits 

D.  M.  Garneggie . . . . . . . 

Session  10 

Current  and  Future  Satellites  for  Oceanic  Monitoring 

J.  W.  Sherman,  III  

Outlook  for  Remote  Sensing  in  the  Coastal  Zone 

P.  G.  Teleki  ...... 


xviii 


/i 


Coastal  Wetlands:  The  Present  and  Future  Role  of  Remote  Sensing 

V.  Carter  

Session  11 

An  Overview  of  Remote  Sensing  Technology  Transfer 

W.  M.  Strome  and  D.  T.  Lauer  

Technical  Assistance  and  the  Transfer  of  Remote  Sensing 
Technology 

R.  Chipman 

The  Transfer  of  Remote  Sensing  Technology  in  the 
Developing  ..nations  - An  Observation 

A.  A.  Abiodun 

Session  12 

Remote  Sensing  of  Air  Pollutants 

J.  A.  Eckert  and  R,  B.  Evans  

Remote  Sensing  of  Water  Pollution 

W.  A.  Hovis,  Jr 

Remote  Sensing  of  Environmental  Impact  of  Land  Use  Activities 

C.  K.  Paul 

Session  13 

The  Role  of  Remote  Sensing  in  the  Building  of  the  Interstate 
Highway  System  - 

H.  T.  Rib 

Remote  Monitoring  and  Ten;iessee  Valley  Authority  Programs 

A.  R.  Stevens  and  A.  W.  Voss  

Corps  of  Engineers  Applications  for  Remote  Sending  of  the 
Environment 

M.  K.  Kurtz,  Jr.  and  J.  W.  Jarman  . . . , 

Session  14 

Atmospheric  Sounding  with  Passive  Microwaves: 

Review  and  Prognosis 

D.  H.  Staelin 

Space  Radar  System  Specifications 

F.  T.  Ulaby,  et  al 

Application  of  Synthetic  Aperture  Radar  (SAR)  to 
Remote  Sensing 

A.  Kozma  and  R.  W.  Larson  . . . . 

Session  15 

LACIE:  A Look  to  the  Future 

R.  B.  MacDonald  and  F.  G.  Hall 

Energy  and  Remote  Sensing 

R.  A.  Summers,  et  al 


301 

325 

333 

339 

353 

361 

363 

379 

385 

393 

401 

407 

427 

429 

467 


xix 


i 


Poster  Session  A 

Landsat-D  Thematic  Mapper  Simulation  Using  Aircraft 
Multispectral  Scanner  Data 

J.  Clark  and  N.  A.  Bryant  

Use  of  Near  Infrared/Red  Radiance  Ratios  for  Estimating 
Vegetation  Biomass  and  Physiological  Status 

C . J . Tucker 

A Study  of  Suspended  Solids  in  the  Requena  Dam  by 
Remote  Sensing 

P.  Ruiz  Azuara  and  L.  Lemus  Hidalgo  

Use  of  Multispectral  Data  in  Design  of  Forest  Sample  Surveys 
S.  J.  Titus  and  L.  C.  Wensel  

Monitoring  Irrigated  Land  Acreage  Using  Landsat  Imagery: 

An  Application  Example 

W.  C.  Draeger  

Influence  of  Ground  Level  SO2  on  the  Diffuse  to  Direct 
Irradiance  Ratio  in  the  Middle  Ultraviolet 

K.  F,  Klenk  and  A.  E.  S.  Green  

The  Vector  Classifier 

K.  R.  McCloy  

Multi-Seasonal  Data  Analysis  and  Some  Extensions  for 
Environmental  Monitoring 

S.  Tanaka,  et  al 

Digital  Exploitation  of  Synthetic  Aperture  Radar 

H.  L.  Wagner  and  R.  A.  Shuchman  

On  the  Photographic  Processing  and  Digital  Texture  for  Remote 
Sensing  of  Kujukuri  Coast  of  Chiba  in  Japan 

H.  Genda,  et  al 

Landsat  Detection  of  Hydrothermal  Alteration  in  the 
Nogal  Canyon  Cauldron,  New  Mexico 

R.  K.  Vincent  and  G.  Rouse  

Automated  Image  Processing  of  Landsat  II  Digital  Data 
for  Watershed  Runoff  Prediction 

R.  R.  Sasso,  et  al 

Microwave  Multispectral  Investigations  of  Snow 

E.  Schanda  and  R.  Hofer . . 

Application  of  Landsat  Data  to  Wetland  Study  and  Land 
Use  Classification  in  West  Tennessee 

N.  L.  Jones  and  F.  Shahrokhi  

Testing  the  Accuracy  of  Remote  Sensing  Land  Use  Maps 

J.  L.  Van  Genderen,  et  al 

Present  and  Future  Operational  NOAA  Satellite 
Oceanographic  Products : An  Introduction 

J,  K.  Kalinowski,  et  al.  ....  

Polarimeter  Measures  Sea  State  Characteristics  Using 
Emitted  Infrared  Radiation 
W.  G.  Egan  and  T.  Hilgeman 

■j'- 

i' 

i 


Scatterometer  Results  from  Shorefast  and  Floating  Sea  Ice 
L.  Gray,  et  

An  Operational,  Multistage,  Earth  Observation  Data 
Management  System 

L.  F.  Eastwood,  Jr.,  et  al.  . 

Reindeer  Range  Inventory  in  Western  Alaska  from  Computer- 
Aided  Digital  Classification  of  Landsat  Data 

T.  H.  George,  et  al 

Remote  Sensing  Exploration  for  Metallic  Mineral  Resources 
in  Central  Baja  California 

R.  N.  Baker 

Poster  Session  B 

Investigation  of  Thematic  Mapper  Spatial,  Radiometric, 
and  Spectral  Resolution 

J.  P.  Morgens  tern,  et  al , . . . . 

Further  Tests  of  the  Suits  Reflectance  Model 

E.  W.  LeMaster  and  J.  E.  Chance  

Estimation  of  Old  Field  Ecosystem  Biomass  Using  Low 
Altitude  Imagery 

S.  M.  Nor,  et  al 

The  Effect  of  Soil  Water  Deficit  on  the  Reflectance  of 
Conifer  Seedling  Canopies 

L.  Fox,  III  

Digital  Analysis  of  Landsat  Data  for  Surveying  Natural 
Resources  in  Western  Sudan 

M.  F.  Baumgardner,  et  al - 

Use  of  Clear  Lakes  as  Standard  Reflectors  for 
Atmospheric  Measurements 

F . J . Ahern , et  al 

A Low-Cost  System  for  Reception  and  Processing  of 
Line-Scan  Data  from  Landsat  and  Other  Sources 

D.  S.  Sloan,  et  al 

The  Use  of  Landsat  Imagery  to  Locate  Uncharted  Coastal 
Features  on  the  Labrador  Coast 

E.  A.  Fleming  and  D.  D.  Lelievre  

Alteration  Mapping  at  Goldfield,  Nevada,  by  Cluster  and 
Discriminant  Analysis  of  Landsat  Digital  Data 

G.  Ballew 

Quaternary  Geologic  Map  of  Minnesota 

J.  E.  Goebel 

Remote  Sensing-Aided  Systems  for  Snow  Quantification, 
Evapotranspiration  Estimation,  and  Their  Application  to 
Hydrologic  Models 

S . Khorram  

Application  of  Aerial  Photography  to  Water-Related 
Programs  in  Michigan 

W.  R.  Enslin,  et  al 

xxi 


645 

659 

671 

603 

693 

703 

711 

719 

729 

731 

757 

775 

783 

791 

795 

807 


r 


j 


Remote  Sensing  of  Aquatic  Plants 

K.  S.  Long  and  L.  E.  Link,  Jr 017 

Production  of  a Map  of  Land-Use  in  Iowa  Through  Manual 
Interpretation  of  Landsat  Imagery 

R.  R.  Anderson 827 

The  Application  of  IR-  and  MSS-Data  in  the  Ruhr  District,  Germany 

P.  Stock 837 

Potential  Applications  of  Digital,  Visible,  and  Infrared  Data 
From  Geostationary  Environmental  Satellites 

D.  B.  Miller,  et  al 849 

Study  of  the  Brazil  and  Falkland  Currents  Using  THIR  Images  of 
Nimbus  V and  Oceanographic  Data  in  1972  to  1973 

Y.  C.  Tseng,  et  al 859 

NASA/Cousteau  Ocean  Bathymetry  Experiment 

F.  C.  Polcyn 873 

Landsat  Digital  Data  for  Water  Pollution  and  Water  Quality 
Studies  in  Southern  Spandinavia 

U.  Hellddn  and  I.  Akersten 875 

Indicators  of  International  Remote  Sensing  Activities 

G.  W.  Spann 885 

Quantitative  Evaluation  of  Water  Bodies  D3niamic  by  Means  of 
Thermal  Infrared  and  Multispectral  Surveys  on  the  Venetian  Lagoon 

L.  Alberotanza  and  G.  M.  Lechi  893 

Poster  Session  C 

VIZIR  - The  S.E.P.  High  Resolution  Laser  Beam  Recorder 

M.  L.  Salter  and  M.  G.  Maincent 903 

Two  Phase  Sampling  for  Wheat  Acreage  Estimation 

R.  W.  Thomas  and  C.  M.  Hay 909 

Classification  of  Landsat  Agricultural  Data  Based  Upon 
Color  Trends 

J.  D.  Tubbs 919 

The  Use  of  Landsat  Digital  Data  to  Detect  and  Monitor 
Vegetation  Water  Deficiencies 

D.  R.  Thompson  and  0.  A.  Wehmanen 925 

Pre-Visual  Detection  of  Stress  in  Pine  Forests 

C.  E.  Olson,  Jr 933 

View  Angle  Effect  in  Landsat  Imagery 

T.  Kaneko  and  J.  L.  Engvall 945 

Interactive  Image  Processing  Techniques  Using  the  Plessey 
IDP  3000 

0.  E.  Morgan,  et  al 953 

Application  of  Remote  Sensing  to  the  Siting  of  the  Warm  Springs 
Dam,  Somona  County,  California 

R.  Reed  955 

Remote  Infrared  Spectroscopy  of  the  Earth 

C.  R.  Steinmann 957 


xxii 


Image  Analysis  Techniques  with  Special  Reference  to  Analysis 
and  Interpretation  of  Geological  Features  from  Landsat  Images 

D.  S.  Kamat,  et  al 

Multidate  Mapping  of  Mosquito  Habitat 

T.  L.  Woodzick  and  E.  L.  Maxwell  .........  

Late  Wisconsinan  Deglaciation  of  the  Northern  Midwest 
Interpreted  from  a Springtime  Landsat  Color  Mosaic 

J.  R.  Lucas  and  J.  V.  Taranik  

Necessity  to  Adapt  Land  Use  and  Land  Cover  Classification 
Systems  to  Readily  Accept  Radar  Data 

B . Drake . . 

Application  of  Airborne  Infrared  Technology  to  Monitor 
Building  Heat  Loss 

F.  J.  Tanis  and  R.  E.  Sampson  

Processing  of  Satellite  Imagery  at  the  National 
Environmental  Satellite  Service 

M.  Crowe 

Remote  Sensing  of  Ocean  Color  and  Detection  of  Chlorophyll  Content 
P.  Y.  Deschamps,  et  al 

Textural  Analysis  by  Statistical  Parameters  and  its  Application 
to  the  Mapping  of  Flow-Structures  in  Wetlands 

U.  Wieczorek  

Production  of  a Water  Quality  Map  of  Saginaw  Bay  by 
Computer  Processing  of  Landsat-2  Data 

J.  B.  McKeon,  et  al.  . . 

Remote  Sensing  Utilization  of  Developing  Countries: 

#'j!Vn  Appropriate  Technology 

M.  W.  Conitz  and  D.  S.  Lowe  

Impact  of  Environmental  Information  from  Landsat  to 
Petroleum  Exploration  in  the  Gulf  of  Alaska 

J.  M.  Miller 

A Survey  of  Users  of  Earth  Resources  Remote  Sensing  Data 

, G.  E.  Wukelic,  et  al.  . 

The  SUYUZ-22  Mission  - Part  of  a Complex  Investigation  of  Earth 
Resources  in  USSR  and  GDR 

J.  L.  Siman  and  K.  Bischoff  

Poster  Session  D 


969 

979 

991 

993 

1001 

1015 

1021 

1035 

1045 

1055 

1065 

i067 

1077 


Ml 


) 


Data  Processing  for  NASA's  First  Space  Based  Synthetic 
Aperture  Radar 

S.  W.  McCandless,  Jr.  . , , . . 


Evaluation  of  Spectral  Channels  and  Wavelength  Regions  I 

for  Separability  of  Agricultural  Cover  Types  | 

Thermal  Imagery  for  Census  of  Ungulates  1 

M.  C.  Wride«and  K.  Baker ....  1091  I 

Remote  Sensing  in  Operational  Range  Management  Programs  in  j 

Western  Canada  1 

M.  D.  Thompson  . 1101  1 


xxiii 


! 

I 


An  Application  of  Landsat  Digital  Technology  to  Forest  Fire 
Fuel  Type  Mapping 

P.  H.  Kourtz 


Landsat  Image  Interpretation  Aids 

R.  A.  Abotteen  and  H.  Malek  

Digital  Processing  System  for  Developing  Countries 

C.  Nanayakkara  and  H.  Wagner  

Remote  Sensing  and  Geographically  Based  Information  Systems 
R.  C.  Cxcone  


Integration  of  Remote  Sensing  and  Surface  Geophysics  in  the 
Detection  of  Faults 

P.  L.  Jackson,  et  al 

Evaluation  of  Algorithms  for  Geological  Thermal-Inertia  Mapping 
S.  H,  Miller  and  K.  Watson b 


Use  of  Thermal- Infrared  Imagery  in  Ground-Water 
in  Montana 

A.  J.  Boettcher  and  R.  M.  Haralick  . 


Investigations 


Satellite  Land  Use  Acquisition  and  Applications 
Planning  Models 

V.  R.  Algazi  and  M.  Suk  


to  Hydrologic 


Land  Utilization  and  Ecological  Aspects  in  the  Sylhet-Mymensineh 
®^^Sladesh:  An  Analysis  of  Landsat  Data 

M.  I.  Chowdhury  and  K.  M.  Elahi  


Use  of  Aerial  Thermography  in  Canadian 
Programs 

J.  Cihlar,  et  al 


Energy  Conservation 


stteliite^AltiLde^^^*^^°^^^  Infrared  Sounding  Systems  from 
L.  McMillin  


A Multichannel  Passive  Microwave  Atmospheric  Temperature 
bounding  System 

M.  E.  Louapre  and  K.  A.  Paradis  


Mapping  Diurnal  Variations  in  Chlorophyll  "a" 
and  Surface  Temperatures  in  the  New  York  Bip-ht 
E.  C.  Polcyn,  et  al 


Transparency, 


Evaluation  of  Change  Detection  Techniques 
Coastal  Zone  Environments 

R.  A.  Weismiller,  et  al 


for  Monitoring 


Application  of  Landsat  to  Mapping  Inland  Lake  Water 
and  Watershed  Land  Use 

R.  H.  Rogers  and  J.  B.  McKeon  . . 


Quality 


ExperimentaJiLand  Systems  Mapping  with  Digital  Landsat  Images 


Computer-Aided  Analysis  of  Landsat  Data  on  Shifting  Cultivation 
in  East  Africa:  Preliminary  Results  and  Further  cLsiderations 

F.  P.  Conant  and  T.  K.  Cary  


1111 

1117 

1123 

1127 

1137 

1147 

1161 

1171 

1183 

1197 

1207 

1217 

1227 

1229 

1239 

1241 


1243 


1245 


Wheat  Yield  Forecasts  Using  Landsat  Data 

E.  Colwell,  et  

A Sol^ti^  to  the  Problem  of  SAR  Range  Curvature 
R.  K.  Raney 


Poster  Session  E ,, 

Airborne  Oceanographic  Lidar  System 

C.  Bressel,  et  al 

Computer-Aided  Classification  for  Remote  Sensing  in  Agriculture 
and  Forestry  in  Northern  Italy 

J.  Dejace,  et  al.  ....  

The  Influence  of  MUltispectral  Scanner  Spatial  Resolution 
on  Forest  Feature  Classification 

F.  G.  Sadowski,  et  al 

Reducing  Landsat  Data  to  Parameters  with  Physical  Significance 
and  Signature  Extension--A  View  of  Landsat  Capabilxties 

B.  C.  Salmon-Drexler  

Aerial  Albedos  of  Natural  Vegetation  in  South-Eastern  Australia 
J.  A.  Howard . . . 

BLOB:  An  Unsupervised  Clustering  Approach  to  Spatial 

Preprocessing  of  MSS  Imagery 

R.  J.  Kauth,  et  al 

Multispectral  System  Analysis  Through  Modeling  and  Simulation 
W.  A.  Malila,  et  al 


A 'Digital'  Technique  for  Manual  Extraction  of  Data  from 
Aerial  Photography 

L.  B.  Istvan  and  M.  T.  Bondy  


Application  of  Conventional 
Interpretation  of  Landsat  2 
the  Friuli  Earthquake  Area 
P.  Cardamone,  et  al.  . . 


and  Advanced  Techniques  for  the 
Images  for  the  Study  of  Linears 


in 


Application  of  Landsat  Satellite  Imagery  for  Iron  Ore 
Prospecting  in  the  Western  Desert  of  Egypt 

E.  M.  El  Shazly,  et  al 

Groundwater  Studies  in  Arid  Areas  in  Egypt  Using  Landsat 
Satellite  Images 

E.  M.  El  Shazly,  et  al.  . 


Hydrological  Applications  of  Landsat  Imagery  of  the  1973 
Indus  River  Flood,  Pakistan 

M.  Deutsch  and  F.  H.  Ruggles,  Jr 

Applications  of  Landsat  Data  to  the  Integrated  Economic 
Development  of  Mindoro , Philippines 

T.  W.  Wagner  and  J.  C.  Fernandez  

Development  of  an  Integrated  Data  Base  for  Land  Use  and 
Water  Quality  Planning 

J.  Adams,  et  al 

Meteorological  Support  for  Remote  Sensing  Programs 

J.  L.  Cox • 


1255 

1259 

1269 

1279 

1289 

1301 

1309 

1319 

1329 

1337 

1355 

1365 

1373 

1375 

1381 

1387 


Satellite-to-Ground  Transmissions  for  Amateurs  and  Professionals 

R.  W.  Popham . . 

Use  of  an  Inertial  Navigation  System  for  Accurate  Track  Recovery 
and  Coastal  Oceanographic  Measurements 

B.  M.  Oliver  and  J.  F.  R.  Gower . . . 

The  Use  of  Synthetic  Aperture  Radar  for  Remote  Sensing  of  the 
Oceans 

R.  A.  Shuchman,  et  al ...  . 

Lake  Water  Quality  Mapping  from  Landsat 

J.  P.  Scherz  

Disseminating  Technological  Information  on  Remote  Sensing 
to  Potential  Users 

J.  D.  Russell  and  J.  C.  Lindenlaub  

Space  Shuttle  Search  and  Rescue  Experiment  Using 
Synthetic  Aperture  Radar 

W.  E.  Sivertson,  Jr.,  et  al , , . 

Prototype  Active  Scanner  for  Nighttime  Oil  Spill  Mapping 
and  Classification 

G.  A.  Sandness  and  S.  B.  Ailes 

Airborne  Monitoring  of  Crop  Canopy  Temperatures  for 
Irrigation  Scheduling  and  Yield  Prediction 

J.  P.  Millard,  et  al 

Poster  Session  F 

Digital  Color  Analysis  of  Color-Ratio  Composite  Landsat  Scenes 

G.  L.  Raines  

Landsat  Data  from  Agricultural  Sites:  Crop  Signature  Analysis 

P.  N.  Misra  and  S.  G.  Wheeler  

Inventory  of  Ricefields  in  France  Using  Landsat  and  Aircraft  Data 
T.  Le  Toan,  et  al 

Forestland  Type  Identification  and  Analysis  in  Western  Massachusetts: 
A Linkage  of  a Landsat  Forest  Inventory  to  an  Optimization  Study 

G.  T.  Raf snider,  et  al 

Large  Scale  70mm  Photography  for  Range  Resources  Analysis  in  the 
Western  United  States 

P.  T.  Tueller 

Assessment  of  Forest  Plantations  from  Low  Altitude  Aerial 
Photography 

H.  A.  Nelson  

Performance  Tests  of  Signature  Extension  Algorithms 

R.  Abotteen,  et  al 

Interpretation  of  Multispectral  and  Infrared  Thermal  Surveys 
of  the  Suez  Canal  Zone,  Egypt 

E.  M.  El  Shazly,  et  al 

Preliminary  Lineament  ^ap  of  the  Conterminous  United  States 

W.  D.  Carter,  et  al 


1397 

1399 

1415 

1417 

1427 

1433 

1445 

1453 

1463 

1473 

1483 

1497 

1507 

1515 

1523 

1533 

1543 


xxvi 


Three  Approaches  to  the  Classification  and  Mapping  of 
Inland  Wetlands 

P.  T.  Gammon,  et  al 

Estimation  of  Soil  Moisture  with  Radar  Remote  Sensing 
P.  P.  Batlivala  and  F.  T.  Ulaby  

Quantification  of  Soil  Mapping  by  Digital  Analysis  of 
Landsat  Data 

F.  R,  Kirschner,  et  al 


Applications  of  Thermal  Infrared  Imagery  for  Energy 
Conservation  and  Environmental  Surveys 

J.  R.  Carney,  et  al 

The  Operational  Processing  of  Wind  Estimates  from  Cloud 
Motions:  Past,  Present  and  Future 

C.  Novak  and  M.  Young  


Data  Processing  for  the  DMSP  Microwave  Radiometer  System 
J.  L.  Rigone  and  Stogryn 

Surface  Temperatures  anVi  Temperature  Gradient  Features  of 
the  U.  S.  Gulf  Coast  Wat'/ers 

O.  K.  Huh,  et  al.  . 

Multispectral  Analysis  of,  Ocean  Dumped  Materials 

R.  W.  Johnson  . . . . | 

Detection,  Identification,  and  Quantification  Techniques  for 
Spills  of  Hazardous  Chemi'sals 

J.  F.  Washburn  and  G.  AwSandness 

INTRALAB 's  Mission  in  Applications  Transfer 

P.  Cressy  and  B.  Sellman  


U.  S.  Coast  Guard  Airborne  Oil  Surveillance  Systems 
Status  Report 

A.  T.  Maurer  . . . . 

\\ 

Passive  Microwave  Remote  Sensing  of  Soil  Moisture 
K.  Ya.  Kondratyev,  et  al.'i'i 


Repji-;y  on  Commercial  Exhibits  . 

Report  on  Participant  Questionnaire  Response 
Author  Index 


1545 

1557 

1567 

1575 

1589 

1599 

1609 

1619 

1629 

1637 

1639 

1641 

1663 

1667 


xxvii 


I 


1 


REGISTRANTS  OF  THE  ELEVENTH  INTERNATIONAL 
SYMPOSIUM  ON  REMOTE  SENSING  OF  ENVIRONMENT 


ABDEL- GAWAD,  MONEM 
The  ADAR  Corporation 
1156  15th  St.,  N.W. , Suite  410 
Washington,  D.C.  20005 


AUDIRAC,  Henri 
Laval  University 
Department  of  Photograiranetry 
Quebec,  Quebec,  Canada  GIK  7P4 


ABIODUN,  Adigun  Ade 

Department  of  Agricultural  Engineering 
University  of  Ife 
Ile-Ife,  Nigeria 


AZUARA,  Pilar  Ruiz 
Facultad  de  Ciencias,  UNAM 
Apdo.  Postal  2636 
Mexico  D . F . , Mexico  1 


ABOTTEEN,  R.  A. 
Lockheed  Electroi^ics 
16811  El  Camino  Real 
M.C.  C09 

Houston,  Texas  77058 


AHERN,  F.  J. 

Canada  Centre  for  Remote  Sensing 
2464  Sheffield  Road  i, 

Ottawa,  Ontario,  Canada  KIA  0Y7 


AKERSTEN,  S.  Ingvar 
Swedish  National  Defense  Research 
Ins  titute  “ 

FOA  356 
Fack 

S-10450  Stockholm  80,  Sweden 


ALGAZI,  V.  Ralph 

Department  of  Electrical  Engineering 
University  of  California 
Davis,  California  95616 


ALVARISQUETA,  Andres 
Olazabal  2089 
Buenos  Aires,  Argentina 

ANDERSON,  Alfred  Q'., 
llbckheed  Electrphics 
Box\58922 

Hous 60117"  Texas  77058 

ANDERSON , Ra3nnond 
Iowa  Geological  Survey 
Remote  Sensing  Lab 
123  North  Capital  Street 
Iowa  City,  Iowa  52240 

ARNONE,  Robert 
Naval  Coastal  Systems  Laboratory 
Panama  City,  Florida  32407 


BACH,  Carl  G. 

Oberlin  College 
Box  1 

Oberlin,  Ohio  44074 

BAKER,  Ralph 
General  Electric  Company 
5030  Herzel  Place 
Beltsville,  Maryland  20705 

BALLANTYNE,  Janet  C. 

Agency  for  International  Development 
LA/DR,  Room  2252  NS 
Washington,  D.C.  20523 

BALOGH,  Richard 
Lockheed  Electronics 
16811  El  Camino  Real 
Houston,  Texas  77058 

BARATH,  F.  T. 

Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
4800  Oak  Grove  Drive 
Pasadena,  California  91103 

BARNES,  James  R. 

Gulf  Oil  Canada  Ltd. 

P.  0.  Box  130 

Calgary,  Alberta,  Canada  T2P  2H7 

BARRETT,  Alan  S. 

Optronics  International,  Inc. 

7 Stuart  Road 

Chelmsford,  Massachusetts  01824 

BATEMAN,  Jack 
Hughes  Aircraft  Co . 

P.  0.  Box  92919,  Bldg.  373 
M.S.  1109 

Los  Angeles , California  90009 


ASADA,  Masaaki 

Japan  Petroleum  Exploration  Co. 
Geophysical  Department 
Seiwa-Ebisu  Bldg.,  6F 
18-14  Ebisu  1-Chome,  Shibuya-ku 
Tokyo,  Japan 


BAUDOIN,  Alain 
I.G.N. 

3 Rue  Jules  Lemaitre 
75012  Paris,  France 


xxviii 


BAUMGARDNER,  Marion 
LARS/Purdue  University 
1220  Potter  Drive 
West  Lafayette,  Indiana 

BAYMA,  Robert  W. 

Research  Institute  of 

Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 


BLYTHE,  Richard 

General  Optionics 

3555  N.  Dixboro 

Ann  Arbor,  Michigan  48103 

BODDY,  Daniel  E. 

Michigan,  Flint 

3450  E.  Scottwood 
Burton,  Michigan  48529 


BEANLAND,  William  C. 

Business  Systems 
8003  Westpark  Drive 
McLean,  Virginia  2^101 

\\ 

BEDEL,  Jean  \ 

Societe  Europeenne  de  Propulsion 
3 Avenue  du  General  deGaulle 
Tour  Nobel 

92800  Puteaux,  France 


BOETTCHER,  Arnold  J. 

U.  S.  Geological  Survey 
Box  1696  ^ 

Helena,  Montana  59601 

BOLHOUSE,  Robert 

Research  Institute  of 

Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 


BEESE,  Lorena 
Oberlin  College 
258  Elm  Street 
Oberlin,  Ohio  44074 


BOLSENGA,  S.  J. 

GLERL-UM 

2300  Washtenaw 

Ann  Arbor,  Michigan  48106 


BENSON,  John  L. 

Ford  Aerospace  & Communications 
P.  0.  Box  58487 
Houston,  Texas  77058 


BERG,  Winfred  E. 

Academy  of  Science 
2101  Constitution  Ave. , JH- 
Washington,  D.C.  20418 


s 

804 


BONDY,  Mark  T. 

Research  Institute  of 

Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

BOWER,  Gordon  L. 

1013  Kings  Court 
Herndon,  Virginia  22070 


BERKOWITZ,  Deborah 
Oberlin  College 
66  N.  Prospect  Street 
Oberlin,  Ohio  44074 


BOYNE,  Harold  S. 


National  Bureau  of  Standards 

■325  Broadway 

Boulder,  Colorado  80302 


BESWICK,  Robert  P. 

Research  Institute  of 

Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

BINNENKADE,  Peter 
Schreiner  Aviation  Group 
2 Keizerstraat 
The  Hague,  Netherlands 


BISCHOFF,  Karlheinz  K 
Academy  of  Sciences  of  the 
Institute  of  Electronics 
Rudower  Chaus see  6 
Berlin,  GDR 


GDR 


BLACKEY,  Edwin  A.,  Jr. 

1000  Independence  Ave. , S W 
Washington,  D.C.  20314 


BRADLEY,  John  S. 

AMOCO  Production  Co. 

Box  591 

Tulsa,  Oklahoma  74102 

BREAULT,  Robert 
General  Electric  Co. 

5030  Herzel  Place 
Beltsville,  Maryland  20705 

BRESLAU,  Lloyd  R. 

U.  S.  Coast  Guard 

Research  & Development  Center 

Avery  Point 

Groton,  Connecticut  06340 

BRIGHAM,  Lowell  H. 

General  Electric  Co. 

5030  Herzel  Place 
Beltsville,  Maryland  20705 


BRISTOR,  C.  L. 

NOAA/NESS 

U.S.  Department  of  Commerce 
Suitland,  Maryland  20233 

BROOKS,  Paul  D. 

U.S.  Geological  Survey 
National  Center  #510 
12201  Sunrise  Valley  Drive 
Reston,  Virginia  22092 

BROUSSEAU,  Nicole 

Defence  Research  Establishment 

Shirle^UJay 

Ottawa,  Ontario,  Canada  KIA  0Z4 
BROWER,  Richard 

Hunting  Surveys  & Consultants,  Ltd. 
790  Madison  Avenue,  Suite  405 
New  York,  New  York  10021 

BROWfN , Aaron  D . 

The  University  of  Michigan 
Water  Resources  Program 
220  N.  Ingalls 
Ann  Arbor,  Michigan  48108 

BROWN,  Ronald 

Canada  Centre  for  Remote  Sensing 

2464  Sheffield  Road 

Ottawa,  Ontario,  Canada  KIA  0Y7 

BROWN,  William  M. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

BRUMFIELD,  James  0. 

Marshall  University 
Department  of  Biological  Science 
Huntington,  West  Virginia  25701 

BRYANT,  Emily 
Dartmouth  College 
Earth  Sciences  Department 
Hanover,  New  Hampshire  03755 

BRZOZOWSKI,  Kenneth  J. 

Tremco , Inc . 

10701  Shaker  Blvd. 

Cleveland,  Ohio  44104 

CAMACHO,  Sergio 
The  University  of  Michigan 
2213  Cram  Place,  Apt.  1 
Ann  Arbor,  Michigan  48105 

CARNEGGIE,  D.  M. 

EROS  Data  Center 

U.S.  Geological  Survey 

Sioux  Falls,  South  Dakota  57198 


CARNET,  James  R. 

Office  Chief  of  Engineers 
1000  Independence  Ave. , S.W. 
Washington,  D.C.  20314 

CARSON,  John 

Carson  Alexiou 

4630  Campus  Drive 

Newport  Beach,  California  92660 

CARTER,  Virginia 
U.S.  Geological  Survey/WRD 
National  Center,  MS  467 
Reston,  Virginia  22092 

CARTER,  William  D. 

EROS  Program 

U.S.  Geological  Survey,  MS730 
Reston,  Virginia  22092 

CHAHID,  A.  W. 

Scientific  Studies  & Research  Center 
P.  0.  Box  4470 
Damascus,  Syria 

CHANCE,  J.  E. 

Pan  American  University 
Physical  Science  Department 
Edinburg,  Texas  78539 

CHECHAN,  Pierre 
SEP 

Tour  Ronssel  Nobel 
3 Avenue  General  deGaulle 
Puteaux,  France 

CHEVREL,  Michele 

Scientific  Mission  of  French  Embassy 
2011  I Street,  N.W. 

Washington,  D.C.  20006 

CHIPMAN,  R.  0. 

United  Nations 

5 Carmine  Street 

New  York,  New  York  10014 

CHOWDHURY,  M.  I. 

Department  of  Geography 
Jahangirnagar  University 
Dacca,  Bangladesh 

CICONE,  Richard  C. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 
CLARK,  Jerry 

Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
Mail  Stop  168-527 
4800  Oak  Grove  Drive 
Pasadena,  California  91103 


XXX 


I 


CLARK,  Kathy 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

CLEMENS,  Robert  H. 

Great  Lakes  Basin  Commission 
P.  0.  Box  999 
3475  Plymouth  Road 
Ann  Arbor,  Michigan  48106 

COHENS,  Willie 

The  University  of  Michigan 

112  Koch,  Apt.  3 

Ann  Arbor,  Michigan  48103 

COLWELL , John  Eric 
Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

CONANT , Francis  P . 

Hunter  College 

695  Park  Avenue 

New  York,  New  York  10021 

CONITZ,  Merrill 
U.S.  Agency  for  International 
Development 

Office  of  Science  & Technology 
U.S.  State  Department 
Washington,  D.C.  20523 

CONNELL,  Clyde 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  49107 
COOK,  Jerald  J. 

Center  for  Remote  Sensing  Information 
and  Analysis 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 
COOPER,  James  B. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 


CORTRIGHT,  Donald  N, 

Civil  Engineering 

The  University  of  Michigan 

304  W.  Engineering 

Ann  Arbor,  Michigan  48103 


COX,  James  L. 

NOAA/NESS 

Spaceflight  Meteorology  Group 
8018  Carey  Branch  Drive 
Washington,  D.C.  20022 

CRESSY,  Philip  J. 

NASA/Goddard  Space  Flight  Center 
Greenbelt,  Maryland  20771 

CRIST,  Eric  P. 

The  University  of  Michigan 
929  Church  ^ 

Ann  Arbor,  Michigan  48104 

CROOK,  Leonard  T. 

Great  Lakes  Basin  Coiranission 
P.  0.  Box  999 
3475  Plyrmouth  Road 
Ann  Arbor,  Michigan  48106 

DARGEL,  William  0. 

Research  Institute  of 

Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

DaSlLVA,  Jorge  Xavier 
The  Ford  Foundation 
320  East  43rd  Street 
New  York,  New  York  10017 

DAVIS,  Carl  F. 

The  University  of  Michigan 
Remote  Sensing 
1602  Packard,  B-6 
Ann  Arbor,  Michigan  4810i^. 

DAVIS,  James  B. 

Geography  Division,  Census  Bureau 
Suitland,  Maryland  20233 

DAVIS,  James  E. 

Lockheed  Electronics 
16811  El  Camino  Real 
Houston,  Texas  77062 

DE  LA  PAZ,  J. 

Philippine  Ministry  of  Science 
c/o  Philippine  Embassy 
9A  Palace  Green 
London,  England  W84  QE 

de  MONTRICHER.  Gilbert  F.  Mayor 

15,  rue  d’ As tore 
75008  Paris,  France 

deschamps,  p.  y: 

University  of  Lille 

‘^'Optique  Atmospherique 
59650  Villeneuve  d'Asq,  France 


DIEMER,  Ferdinand  P. 

Department  of  the  Navy 
Code  102-OS 

Office  of  Naval  Research 
800  Quincy  Street 
Arlington,  Virginia  22217 

DIETERLE,  Gerd 
European  Space  Agency 
18,  Avenue  E.  Belin 
31  Toulouse,  France 

DIEZ,  Jose  A. 

Ministry  of  Agriculture  and  Water 
Resources 

Luz  Savinon  604-601 
Mexico  12,  D.  F.  Mexico 

DiGIOVANNI,  Robert  B. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 
Ann  Arbor,  Michigan  48107 

DIRMHIRN,  Inge 
Utah  State  University 
UMC  48 

Logan,  Utah  84322 

DISMACHEK,  Dennis  C. 

National  Environmental  Satellite 
Service 

Room  817,  WSC-5 
Suitland,  Maryland  20233 

DODGE,  Gibb 

University  of  New  Hampshire 
Cooperative  Extension  Service 
Main  Street 

Conway,  New  Hampshire  03818 

DONALDSON,  J.  R. 

Lockheed  Electronics 
16003  Hickory  Knoll 
Houston,  Texas  77059 

DOWLING,  George  B. 

U.S.  Navy  Coastal  System  Lab. 

Code  793 

Panama  City,  Florida  32401 
DRAKE,  Ben 

Department  of  Geophysical  Sciences 
Old  Dominion  University 
Norfolk,  Virginia  23508 

DRELICHARZ,  Joseph 
U . S . Navy 

Curl  Engineering  Laboratory 
Port  Hueneme,  California  93043 


/ 


DREWETT,  R.  J. 

Plessey  Radar 
Southleigh  Park  House 
Eastleigh  Road,  Havant 
Hampshire,  England 

DREXLER,  Bette  C.  Salmon 
GeoSpectra  Corp. 

320  North  Main,  Suite  301 
Ann  Arbor,  Michigan  48104 

DRO^TN,  Robert  W. 

Ohio  State  University 
588  Harley  Drive,  #8 
Columbus,  Ohio  43202 

DU  BOIS,  Fritz  P. 

ONERN-PERU 

40-A  Chesterton  Drive 
Ottawa,  Ontario,  Canada  KE2  5S9 

DUERR,  William 
The  University  of  Michigan 
3093  Overridge  Drive 
Ann  Arbor,  Michigan  48104 

EASTWOOD,  Lester  F. , Jr. 

Washington  University 
Box  1106 

St.  Louis,  Missouri  63130 
ECKERT,  J.  A. 

Environmental  Monitoring  and  Support 
Laboratory 

U.S.  Environmental  Protection  Agency 
Las  Vegas,  Nevada  89114 

ECKES,  L.  H. 

TRW 

R4,  1002  One  Space  Park 
Redondo  Beach,  California  90278 

EDGERTON,  A1 

Aerojet  ElectroSystems  Co. 

1100  W.  Holl3Tvale  Street 
Azusa,  California  91702 

EGAN,  Walter  G. 

Research  Department 
Grumman  Aerospace  Corp. 

Plant  35 

Bethpage,  New  York  11714 
EICHEN,  Leo 

Control  Data  Corporation 
2800  E.  Old  Shakapee  Road 
Minneapolis,  Minnesota  55420 

ELAHI,  K.  Maudood 
Geography  Department 
Jahangirnagar  University 
Dacca,  Bangladesh 


EL-GHAWABY,  M.  A. 

State  Department 
aid  - 0 . I . T . P . 

Washington,  D.'  C.  20523  and 
Cairo,  Egypt 

ELLIS,  Walter 

Research  Institute  of 

Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 
EL-SHAZLY,  E.  M. 

Remote  Sensing  Center  and  Atomic 
Energy  Establishment 
Academy  of  Scientific  Research  and 
Technology 

101  Kasr  El  Aini  St.,  9th  Floor 
Cairo,  Egypt 

ENSLIN,  William  R. 

Michigan  State  University 
Remote  Sensing  Project 
201  UPLA  Bldg. 

East  Lansing,  Michigan  48824 

ERICKSON,  Jon  D. 

NASA,  JSC 

10218  Sagedowne  Lane 
Houston,  Texas  77058 


FINK,  D.  J. 

Space  Division 
General  Electric  Company 
P.  0.  Box  8555 

Philadelphia,  Pennsylvania  19101 


J » 

US.  Geological  Survey 
228  Noland  Street 
Falls  Church,  Virginia 


22046 


FLEMING,  Elizabeth  A. 
Topographical  Survey,  EMR 
615  Booth  Street 
Ottawa,  Ontario,  Canada  KIA  OE9 

FOSNIGHT,  Eugene 
The  University  of  Michigan 
1479  University  Terrace,  Apt.  124 
Ann  Arbor,  Michigan  48104 


FOX,  Lawrence,  III 
Humboldt  State  University 
Forestry  Department 
Areata,  California  95521 

FRANK,  Michael  D. 

Naval  Arctic  Research  Laboratory 
Pt.  Barrow,  Alaska  99723 


ERLANDSON,  John  P. 

1000  Independence  Ave . , S W 
Washington,  D.C.  20314 


ESTEP,  Samuel  D. 

The  University  of  Michigan  Law  Schoc 

964  Legal  Research  Bldg 

Ann  Arbor,  Michigan  48109  \\ 


ESTES,  J.  E.  ] 

University  of  California 
Department  of  Geography  - ' 

Santa  Barbara,  California  93106 


EVANS,  James  B. 

Texas  Instruments 
P.  0.  Box  5621,  MS  949 
Dallas,  Texas  75222 


EVERETT,  John  T. 

Fisheries  Service 
od04  LaJolla  Shores  Drive 
LaJolla,  California  92038 


FARRELL,  J.  F. 

Hughes  Aircraft  Co. 

3300  Palos  Verdes  Drive,  East 
Rancho  Palos  Verdes,  California  90274 

FELSHER,  Murray 
NASA 

Office  of  Applications,  Code  EK 
Washington,  D.C.  20546 


Danish  Landsat  User  Group 
Christian  Rovsing  A/S 
Marielundvej  46B 
Hellev  DK-2730,  Denmark 

Fi(hs  , Nancy 

Piilrdue  University /LARS 

1220  Potter  Drive 

West  Lafayette,  Indiana  47907 


GALLARDA , Harry  S . 

Research  Institute  of 

Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

GAMMON,  Patricia  T. 

U.  S.  Geological  Survey 
2233  Whitemarsh  Road 
Suffolk,  Virginia  23434 


GANZER,  j.  F. 

Mapping  Agency 
329  Monohan  Drive 
Louisville,  Kentucky  40267 


GATIEN,  Gary  M. 

Research  Institute  of 

Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 


xxxiii 


GAUBERT.  A.  M. 

PROSPACE 

129,  Rue  de  I'Universite 
Paris , France 

GAUL,  PHILI-P  R. 

Ohio  State  Uv^iversity 
2183  Parkvil!l,e 
Columbus , Ohio  43229 

GAWARECKl,  Stephen  J. 

U.S.  Geological  Survey 

7018  Vagabond  Drive 

Falls  Church,  Virginia  22042 

GENDA,  Hidesahuro 

Institute  of  Color  Technology 

Chiba  University 

1-33  Yayoi  cho 

Chiba  shi,  Japan 

GEORGE , Tom 
Geophysical  Institute 
University  of  Alaska 
Fairbanks,  Alaska  99701 

GHANEN,  Hay than 
P.  0.  Box  6670 
Damascus,  Syria 

GILG,  Wolfgang 

Dornier  System,  GmbH,  DERP 

Postfach  1360 

7990  Freidrichshafen,  West  Germany 
GILL,  Gerald  C. 

Division  of  Biomedical  & Environmental 
Research 

U.S.  Energy  Research  & Development  Adm 
Washington,  D.C.  20545  and 
C204  Rest.  Act.,  The  University  of 
Michigan,  Ann  Arbor,  Michigan 

GILMORE,  Charles  D. 

IBM  Federal  Systems  Division 
1322  Space  Park  Drive 
Houston,  Texas  77058 

GINEVAN,  Michael  E. 

University  of  Kansas  Applied  Remote 
Sensing  Program,  Space  Technology 
Center,  University  of  Kansas 
Lawrence,  Kansas  66045 

GINSBERG,  Irving  W. 

EG&G,  Inc. 

680  E.  Sunset 
Las  Vegas , Nevada  89101 

GLEASON,  James  M. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 


GOEBEL,  Joseph 

Minnesota  Geological  Survey 

1633  Eustis  Street 

St.  Paul,  Minnesota  55108 

GOILLOT,  Charles  C. 

I.N.R.A.  & I.N.A. 

National  Institute  for  Agronomy 
Laboratoire  de  Teledetection 
Route  de  St.  Cyr 
78000  Versailles,  France 

GOODENOUGH,  David  G. 

Canada  Centre  for  Remote  Sensing 

2464  Sheffield  Road 

Ottawa,  Ontario,  Canada  KIA  0Y7 

GOODRICK,  F.  E. 

LARS  FLEX  1 

Purdue  University 

West  Lafayette,  Indiana  47907 

GOSWAMI,  S.  R. 

Cleveland  State  University 
1983  East  24th  Street 
Cleveland,  Ohio  44115 

GRAHAM,  John  J. 

Eastman  Kodak  Company 
Aerial  Products 
343  State  Street 
Rochester,  New  York  14650 

GRANT,  Charles  J. 

Hong  Kong  University 
Department  of  Geography  & Geology 
Hong  Kong 

GRAY , Laurence 

Canada  Centre  for  Remote  Sensing 

2464  Sheffield  Road 

Ottawa,  Ontario,  Canada  KIA  0Y7 

GREEN,  Jerry  E. 

Miami  University 
Snideler  Hall 
Oxford,  Ohio  45056 

GRIFFITHS,  Paul  M. 

Lockheed  Electronics 
1422  San  Sebastian  Lane 
Houston,  Texas  77058 

GROSSA,  John 

Central  Michigan  University 
Department  of  Geography 
Mt.  Pleasant,  Michigan  48859 

HAACK,  Barry  N. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 


HAGMAN,  Brenda 
Route  1 

Waunakee,  Wisconsin  53597 
(formerly  with  ERIM) 

HALBACH , J ame  s 
EMI  Medical,  Inc. 

800  Mark  Lane  #114 
Wheeling,  Illinois  60090 

HAMMOND,  Donald 

Naval  Research  Laboratory 

Code  7113H 

Washington,  D.C.  20390 
HAMPTON,  Bill 

Business  Week-Detroit  Office 
1400  Fisher  Building 
Detroit,  Michigan  48202 

HANSEN,  Dennis  J. 

The  University  of  Michigan 
Department  of  Botany 
Ann  Arbor,  Michigan  48109 

HARNAPP,  Vern 
University  of  Akron 
Department  of  Geography 
Akron,  Ohio  44325 

HASELL,  Philip  G. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

HEACOCK,  L. 

NOAA/NESS 

Mail  Code  S-6,  Stop  FOB  4 
U.S.  Department  of  Commerce 
Washington,  D.C.  20233 

HEATH,  C.P.M. 

Amoco  International  Oil  Co . 

Mail  Code  5108 
Standard  Oil  Building 
200  E.  Randolph  Drive 
Chicago,  Illinois  60601 

HEISS,  Klaus  P. 

EGON,  Inc. 

900  State  Road 

Princeton,  New  Jersey  08540 

HELLDEN,  Ulf 

Department  of  Physical  Geography 
University  of  Lund 
Solvegatan  13 
223  62  Lund,  Sweden 


HEMDAL,  John  F. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor , Michigan  48107 

HEMPHILL,  William  R. 

EROS  Program,  USGS 
1925  Newton  Square,  East 
Reston,  Virginia  22092 

HENDERSON,  F.  B.,  Ill 

Geosat  Committee 

690  Market  St. , Suite  1400 

San  Francisco,  California  94104 

HENDERSON,  Robert  G. 

MITRE  Corp.,  Metric  Division 
1820  Dolley  Madison  Blvd. 

McLean,  Virginia  22101 

HERBST,  Robert  L. 

Office  of  the  Secretary 

U.S.  Department  of  the  Interior 

Washington,  D.C.  20240 

HERNANDEZ,  Mario 
I.B.M.  Latin  American  Scientific 
Center 
Cantil  #150 

Mexico  20,  D.F.,  Mexico 

HEROLD,  J.  Downs 

The  University  of  Michigan 

350  S.  Thayer 

Ann  Arbor,  Michigan  48109 
HIDAYET,  Mohamed 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 
HIEBER,  Ross 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

HIROSHI , Okayama 

Institute  of  Color  Technology 

Chiba  University 

1-33  Yayoi-cho 

Chiba  shi,  Japan 

HOFHEIMER,  H. 

ELTEK  Corp. 

7 Woodland  Avenue 
Larchmont,  New  York  10538 


i t 


HOLMES,  Q.  A.  , 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

HOLIER,  M.  R.  . 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

HORNING,  Glenn  W. 

Scientific-Atlanta,  Inc. 

3845  Pleasantdale  Road 
A,tlanta,  Georgia  30340 

HOVIS,  W.  A. 

NOAA/NESS 

U.S.  Department  of  Commerce 
Suitland,  Maryland  20233 

HUEBNER,  George  J. 

Environmental  Research  Institute  of 
Michigan  __ 

P.  0.  Box  618  ' 

Ann  Arbor,  Michigan  48107 

HUH,  Oscar  K. 

Coastal  Studies  Institute 
Louisiana  State  University 
Baton  Rouge,  Louisiana  70803 

HV.IMPHREY,  Dorothy  M. 

Center  for  Remote  Sensing  Informatlon- 
and  Analysis 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

HUNT,  Thomas  D. 

3905  Lorcom  Lane 
Arlington,  Virginia  22207 

HUTCHINSON,  Charles 
U.S.  Geological  Survey 
1925  Newton  Square,  East 
Reston,  Virginia  22092 

ISHERWOOD,  Barclay  C. 

Scientific  Systems  Division 
MDA 

Nootka  Bldg.,  10280  Shellbridge  Way 
Richmond,  British  Columbia,  Canada 
V6X  2Z9 

ISTVAN,  Laurence  B. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 


ITZKAN,  I. 

Avco-Everett  Research  Laboratory 
Everett,  Massachusetts  02115 

IWAHASHI,  Toru 
EROS  Program,  USGS 
1925  Newton  Square,  East 
Reston,  Virginia  22092 

JACKSON,  Philip  L. 

Environmental  Research  Institute  Of 
Michigan 

P.  0.  Box  618  II 

Ann  Arbor,  Michigan  48107 

JACOBS,  P.A.M. 

Oude  Waal s dorp erweg  63 
The  Hague,  Netherlands 

JAIN,  A.  K. 

Michigan  State  University 
5920  Icbois  He  Drive 
Haslett,  Michigan  48840 

JAPl-IAN,  Jack 

Office  of  the  Chief  of  Engineers 
DAEN-CTO-S,  Room  4G040 
Fores tal  Building 
Washington,  D.C.  20314 

JENSEN;  Reece' 

Stanfotd  Tech.  Corp. 

6S0  N.  Mary 

Sunnyvale,  California  94086 
JOHANSSON,  Lars 

71  Somerset  St.,  W. , Suite  1605 
Ottawa,  Ontario,  Canada  K2P  2G2 

Jcil'HNSON,  R.  H. 

MDSF 

5241  Plymouth  Road 

Ann  Arbor,  Michigan  48105 

JOHNSON,  Robert  W. 

NASA  Langley  Research  Center 

Mail  Code  272 

Hampton,  Virginia  23665 

JONES,  J.  B. 

National  Weather  Service,  NOAA 
Silver  Spring,  Maryland  20901 

JONES,  Nancy 
University  of  Tennessee 
Space  Institute 
Tullahoma,  Tennessee  37388 

JORGENSON,  Paul 

1000  Independence  Ave.,  S.W. 

Washington,  D.C.  20314 


xxxvi 


I 


KANEKO,  Toyohisa 
IBM 

1322  Space  Park  Drive 
Houston,  Texas  77058 

KASISCHKE',  Eric  S. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 
KAUTH,  Richard  J. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

KHORRAM,  Siamak 
University  of  California 
260  Space  Sciences  Lab. 

Berkeley,  California  94720 

KINSEY,  Charles 

Minnesota.  Department  of  Natural 
Resources 

201  Golfcourse  Road 

Grand  Rapids,  Minnesota  55744 

KISH , George 

The  University  of  Michigan 
Geography  Department,  4532  LSfitA 
Ann  Arbor,  Michigan  48109 

KITCHO,  Catherine  A. 

Bechtel,  Inc. 

P.  0.  Box  3965 

San  Francisco,  California  94119 

KLEMAS , Vy tautas 
University  of  Delaware 
College  of  Marine  Studies 
Newark,  Delaware  19711 

KLENK,  Kennth  F. 

University  of  Florida 
Department  of  Physics  & Astronomy 
Gainesville,  Florida  32611 

KOCA,  James  F. 

HRS- 21 

U.S.  Department  of  Transportation 
Federal  Highway  Administration 
Materials  Division 
Washington,  D.C.  20590 

KONRAD,  Thomas  G. 

Applied  Physics  Laboratory 
The  Johns  Hopkins  University 
Johns  Hopkins  Road 
Laurel,  Maryland  20810 


KONRAD,  Zirm 

Physics 

Stubeuriug  6 

A-1070  Vienna,  Austria 

KOTAS,  Jerry 

Great  Lakes  Basin  Commission 
P.  0.  Box  999 
3475  Plymouth  Road 
Ann  Arbor,  Michigan  48106 

KOURTZ,  P.  H. 

Canadian  Forestry  Service 
Forest  Fire  Research  Institute 
240  Bank  St.,  Brun|wick  Bldg. 

Ottawa,  Ontario,  Cj^nada  K2P  1X4 

KOZMA,  Adam  / 

Environmental  Rei^earch  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 
KRIEGLER,  Frank 

Environmental  Research  Institute  of 
Michigan 
P.  0,  Box  618 

Ann  Arbor,  Michigan  48107 

KRISTOF,  Stevan 

LARS/Purdue  University 

1220  Potter  Drive 

West  Lafayette,  Indiana  47906 

KRUUS,  Jaan 

Fisheries  & Environment  Canada 
Office  of  the  Science  Advisor 
Ottawa,  Ontario,  Canada  KIA  0H3 

KURTZ,  Maurice  K. , Jr. 

1000  Independence  Ave.,  S.W. 

Washington,  D.C.  20314 

KUYPER,  William  H. 

Florida  Department  of  Transportation 
Remote  Sensing  Section 
State  Topographic  Office 
Tallahassee,  Florida  32304 

LAB IE,  John  G. 

Coastal  Zone  Planning 

Florida  Department  of  Natural  Resources 
2137  Faulk  Drive 
Tallahassee,  Florida  32303 

LAMBECK,  Peter  F. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 


xxxvii 


LANSING,  Jack 

Santa  Barbara  Research  Center 
Hughes  Aircraft  Co . 

75  Coromar  Drive 
Goleta,  California  93017 

LARSON,  Richard  W. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

LAUER,  D.  T. 

EROS  Data  Center 

U.S.  Geological  Survey 

Sioux  Falls,  South  Dakota  57198 


LIAO,  Daniel  T.N. 

Forest  Management  Branch 

Taiwan  Forestry  Bureau 

No.  2,  First  Section  Hang  Chow  Rd. , S. 

Taipei,  Taiwan  Republic  of  China 

LINDENLAUB,  John 
LARS/Purdue  University 
1220  Potter  Drive 
West  Lafayette,  Indiana  47906 

LINDNER,  Stephen  D, 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 
Ann  Arbor,  Michigan  48107 


LAURIN , Ra3raiond 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

LAWRENCE,  Garth  R. 

Ontario  Centre:  for  Remote  Sensing 
Surveys  & Mapping  Branch 
801  Bay  Street,  4th  Floor 
Toronto,  Ontario,  Canada  M5S  IZl 

LECHI,  G.  M. 

GEOLAB -CNR 

Via  Mario  Blanco,  9 

Milan,  Italy  20131 

LEE,  Willie  P. 

Bendix 

1633  Broadway 

New  York,  New  York  10019 

LEGAULT,  Richard  R. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

LeMASTER,  E.  W. _ 

Pan  American  University 
Physical  Science  Department 
Edinburg,  Texas  78539 

LEMUS,  Lilia  Hidalgo 
Laboratorio  Interdisciplinario 
Facultad  de  Ciencias,  UNAM 
Mexico,  D.F.,  Mexico 

LeTOAN,  T. 

C.E.S.R. 

9 Avenue  du  Colonel  Roche 
B.  P.  4346 

31029  Toulouse,  France 


LINDSAY,  Elizabeth  J. 

Department  of  Industry 
Space  and  Air  Research  2 
Monsanto  House 
10-18  Victoria  Street 
London,  England  SWIH  ONQ 

LISKOW,  Charles 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

LIVISAY,  Jackson  P.,  Jr. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 
Ann  Arbor,  Michigan  48107 

LONG,  K.  S. 

U.S.  Army  Waterways  Experiment  Station 
P.  0.  Box  12211 

Research  Triangle  Park,  North  Carolina 
39180 

LOUAPRE,  Merlin  E. 

Aerojet  ElectroSystems  Co. 

1100  W.  Hollyvale  Street 
Azusa,  California  91702 

LOUGHEED,  Robert  M. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 
Ann  Arbor,  Michigan  48107 

LOWE,  Donald  S. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 
LOWRY,  R.  T. 

Canada  Centre  for  Remote  Sensing 


LIANG,  T.  A. 

Cornell  University 
Hollister  Hall 
Ithaca,  New  York  14853 


622  Chapel  Street 

Ottawa,  Ontario,  Canada  KIN  7Z9 

xxxviii 


u. 


LUCAS,  James  R. 

EROS  Data  Center 

U.S.  Geological  Survey 

Sioux  Falls,  South  Dakota  57198 

LYZENGA,  David’ R. 

Environmental  Research  Institute  of 
Michigan 

P.  0.  Box  618  ' 

Ann  Arbor,  Michigan  - 48107 

MacDUFF,  George  H. 

2618  Occidental  Drive 
Vienna,  Virginia  22180 

MacLEOD , Norman 

ERDRI 

Box  5628 

Washington,  D.C.  20016 
MADDOX,  Silas 

1000  Independence  Ave. , S.W. 
Washington,  D.C.  20314 

MAINCENT,  M. 

Societe  Europeenne  de  Propulsion 
International  Relations  Division 
BP  802 

27200  Vernon,  France 

MAKOWIECKI,  L.  Z. 

United  Nations 

Room  DC- 850,  P.O.B.  Grand  Central 
New  York,  New  York  10017 

MALILA,  William  A. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 
MALLICK,  D.I.J. 

Institute  of  Geological  Sciences 
154  Clerkenwell  Road 
London,  England  ECIR  5DV 

MALONE,  Donald  L. 

Tennessee  Valley  Authority 
Division  of  Water  Control  Planning 
216  Haney  Bldg. 

Chattanooga,  Tennessee  37401 

K'.NNING,  Robert 
Goodyear  Aerospace  Corp. 

Litchfield  Park,  Arizona  85340 

MARIO,  C.  M. 
liniversity  of  Milan 
Via  Viotti  5 
Milan,  Italy  20133 


MARSHALL,  Robert  E. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 
MARTIN,  B. 

United  Nations  Environment  Programme 

United  Nations 

New  York,  New  York  10017 

MARTIN,  Melvin 

1000  Independence  Ave.,  S.W. 

Washington,  D.C.  20314 

MASLEY,  A.  J. 

Aerojet  ElectroSystems  Co. 

1100  W.  Hollyvale  Street 
Azusa,  California  91702 

MASURSKY,  H. 

U.S.  Geological  Survey 
Flagstaff,  Arizona  86001 

MATHEWS,  Charles  W. 

ERIM  Consultant 
10009  Coach  Road 
Vienna,  Virginia  22180 


MATHUR,  B.  Sen 

Ministry  of  Transportation  and 
Communications 
Remote  Sensing  Section 
1201  Wilson  Avenue 
Downsview,  Ontario,  Canada  MIW  1L7 

MATT,  Otto  F. 

SWISSAIR  Photo  6c  Surveys,  Ltd. 

P.  0.  Box  288 

Zurich,  Switzerland  8035 

MAUGHAN,  Paul  M. 

COMSAT  General 

950  L' Enfant  Plaza,  S.W. 

Washington,  D.C.  20024 

MBAKI,  Mdungu 
ERTS 

Bureau  of  the  President  ' 

Kinshasa,  Zaire 

McCLOY,  K.  R. 

South  Australian  Institute  of 
Technology 
Box  1 

Ingle  Farm,  South  Australia  5098 

McDonald,  r.  b. 

NASA/ JSC 

Houston,  Texas  77058 


xxxix 


McDonough,  Condon 
Avco-Everett  Research  Lab. 

2385  Revere  Beach  Parkway 
Everett,  Massachusetts  02149 

McINNES,  Peter  A. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

McKENDRICK,  John  D. 

Office  of  Naval  Research,  London 
Box  39 

FPO  New  York,  New  York  09510 

McKEON,  John  B. 

Bendix 

3621  S.  State  Road 

Ann  Arbor,  Michigan  48107 

McLaughlin,  Rowland 
Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 
McNEELY,  H.  A. 

Environmental  Office,  Ministry  of 
Transportation  & Communications 
1201  Wilson,  3rd  Floor,  West  Tower 
Downsview,  Ontario,  Canada 

MEGIER,  Jacques 
Joint  Research  Centre 
EURATOM 

21020  Ispra,  Italy 
MELFI,  S.  H. 

U.S,  Environmental  Protection  Agency 
EMSL-LV,  P.  0.  Box  15027 
Las  Vegas,  Nevada  89114 

MEREDITH,  L.  H. 

Goddard  Space  Flight  Center 
Greenbelt,  Maryland  20771 

MERLI,  Edward 

1000  Independence  Ave.,  S.W. 
Washington,  D.C.  20314 

MESHREF,  Wafik 
State  Department 
AID  O.I.T.-P. 

Washington,  D.C.  20523 

METZGER,  Anita  L. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 


MILLARD,  John 

NASA/Ames  Research  Center 

Moffett  Field,  California  94035 

MILLER,  Carl  D. 

Daedalus  Enterprises,  Inc. 

7101  Jackson  Ave.,  P.  0.  Box  1869 
Ann  Arbor , Michigan  48106 

MILLER,  Susanne  H. 

U.S.  Geological  Survey 
Denver  Federal  Center,  Stop  964 
P.  0.  Box  25046 
Denver,  Colorado  80225 

MILTON,  Nancy 

U.S.  Geological  Survey 

Mail  Stop  927 

Reston,  Virginia  22092 

MINTZER,  01  in 
Ohio  State  University 
2070  Neil  Avenue 
Columbus,  Ohio  43210 

MOCK,  Steven  J. 

U.S.  Army  Research  Office 
P.  0.  Box  1221 

Research  Triangle  Park,  North  Carolina 
27709 

MOORE,  Donald 

South  Dakota  State  University 
Remote  Sensing  Institute 
Brookings,  South  Dakota  57006 

MOORE,  Holmes  S. 

U.S.  Department  of  Commerce/NOAA 
EM  2,  Meteorological  L Hydrological 
Services  Office 
6010  Executive  Blvd. 

Rockville,  Maryland  20852 

MORALEV,  Valeri  M. 

Aerogeologia 

35,  Leninski  Prospect 

Moscow,  USSR  117071 

MORGAN,  Joseph  0. 

U.S.  Geological  Survey 
2419  Freetown  Drive 
Reston,  Virginia  22091 

MORGENSTERN,  James  P. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 
MORLEY,  L.  W. 

Canada  Centre  for  Remote  Sensing 

2464  Sheffield  Road 

Ottawa,  Ontario,  Canada  KIA  0Y7 


MORRISON,  James  R. 

NASA  Headquarters 
Code  ERR 

Washington,  D.C.  20546 
MOSES,  Harry 

U.S.  Energy  Research  & Development 
Adminis  tr ation 
Environmental  Programs 
Washington,  D.C.  20545 

MUDAR,  Joseph 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

MURPHY,  David 
TNRIS 

P.  0.  Box  13087 
Austin,  Texas  78711 

MURTHY,  H.G.S. 

United  Nations 

Outer  Space  Affairs  Division 
Room  3550A 

New  York,  New  York  10017 
MYERS,  Victor 

South  Dakota  State  University 
Remote  Sensing  Institute 
Brookings,  South  Dakota  57006 

NAGLER,  R.  G. 

Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
4800  Oak  Grove  Drive 
Pasadena,  California  91103 

NALEPKA,  Richard  F. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

NELSON,  Harold  A. 

Weyerhaeuser  Co, . 

Washington  Street  Office 
Plymouth,  North  Carolina  27962 

NICHOLS,  H.  Janney 
Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

NIERENBERG,  William  A. 

Scripps  Institution  of  Oceanography 
Director's  Office,  Mail  Code  AOlO 
LaJolla,  California  92903 


NJOKU,  Eni  G, 

Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
4800  Oak  Grove  Drive 
Pasadena,  California  91103 

NOEL,  Jean  C. 

SODETEG 

9 Avenue  Reaumur 

Pies sis  Robinson,  France 

NOR,  Salleh  M. 

Michigan  State  University 
Remote  Sensing  Project 
201  UPLA  Bldg. 

East  Lansing,  Michigan  48824 
NORMAN,  A.  G. 

The  University  of  Michigan 
4102  1ST 

Ann  Arbor,  Michigan  48109 

NORWOOD,  Virginia 
Hughes  Aircraft  Corp. 

13044  Sky  Valley  Road 

Los  Angeles,  California  90049 

NUESCH,  Daniel 
Department  of  Geography 
University  of  Zurich 
Blumlisalpstrasse  10 
CH-8006  Zurich,  Switzerland 

OLIVER,  B.  M. 

Institute  of  Ocean  Sciences 
Department  of  Environment 
512  Federal  Bldg. 

Victoria,  British  Columbia,  Canada 
V8W  1Y4 

OLIVON,  Patrick  J. 

CERGA-EPHE 

12,  Imp.  Alain  Fournier 
Clavieres 

30100  Ales,  France 

OLSON,  Charles  E. , Jr. 

The  University  of  Michigan 
School  of  Natural  Resources 
Ann  Arbor,  Michigan  48109 

OSTAFICZUK,  Stanislaw 
Institute  of  Geology 
Warsaw  University,  and 
U.S.  Geological  Survey 
Office  of  International  Geology 
MS  917 

Reston,  Virginia  22090 

OUZTS,  W.  Glenn 
Texas  Water  Quality  Board 
P.  0.  Box  13246 
Austin,  Texas  78711 


PARK,  A.  B. 

General  Electric  Co. 

Space  Systems  Division 
5040  Herzel  Place 
Beltsville,  Maryland  20705 

PARRY,  J.  T. 

McGill  University 
Department  of  Geography 
805  Sherbrooke  St. , W. 

Montreal,  Quebec,  Canada 

PASCUCCI,  Richard  F. 

Dames  & Moore 
6 Commerce  Drive 
Cranford,  New  Jersey  07016 

PAUL,  Charles  K. 

Agency  for  International  Development 
Office  of  Science  & Technology 
Washington,  D.C.  20523 

PEBERAY,  Michel 

PROSPACE-EMD 

55  Quai  Carnot 

Saint  Cloud,  France  92214 

PERTHEN,  G. 

Institut  fur  Geophysik  & Meteorologie 

Mendelssohnstrasse  1 

D3300  Braunschweig,  West  Germany 

PHILIPSON,  Wai'ren/r.' 

Cornell  UniverSifY' 

Hollister  Hall 
Ithaca,  New  York  14853 

PILLAI,  N.  S. 

Indian  Space  Research 
Jodhpur  Tekra 
Ahmedabad , India 

PIRIE,  Douglas  M. 

1000  independence  Ave. , S.W. 
Washington,  D.C.  20314 

POLCYN,  Fabian 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

POMALAZA,  Jose  C. 

Geophysical  Institute  of  Peru 
PROJECT  PERCEP 
2464  Sheffield  Road 
Ottawa,  Ontario,  Canada  KIA  0Y7 

PSZCZOLKOWSKI,  Andrzej 
Polish  Academy  of  Sciences 
U . S . Geological  Survey 
Office  of  International  Geology 
MS  917 

Reston,  Virginia  22092 


QUIEL,  Friedrich 
Universitat  Karlsruhe 
Emlerstrasse  1,  Postfach  6380 
75  Karlsruhe  1,  West  Germany 

RAFSNIDER,  Giles  T. 

U.S.  Forest  Service 

6816  Market  Street 

Upper  Darby,  Pennsylvania  19082 

RAGAN,  R.  M. 

Department  of  Civil  Engineering 
University  of  Maryland 
College  Park,  Maryland  20742 

RAINES,  Gary 
U.S.  Geological  Survey 
Stop  964,  Box  25046 
Denver  Federal  Center 
Denver,  Colorado  80225 

RANEY,  Keith 

Canada  Centre  for  Remote  Sensing 

2464  Sheffield  Road 

Ottawa,  Ontario,  Canada  KIA  OY7 

RANGO,  A 
Code  913 

NASA/Goddard  Space  Flight  Center 
Greenbelt,  Maryland  20771 

RAWSON,  Robert  F. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 
REBEL,  Diana  L. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 
REED,  Bill 

Eastman  Kodak  Company 
343  State  Street 
Rochester,  New  York  14650 

REED,  Robert 
Dames  & Moore 
6 Commerce  Drive 
Cranford,  New  Jersey  07016 

RIB,  H.  T. 

U.S.  Department  of  Transportation 
Federal  Highway  Administration 
Room  3128,  HNG-24 
Washington,  D.C.  20590 

RICE,  Daniel  P. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 
Ann  Arbor,  Michigan  48107 


xlii 


■5 


RICE,  PAUL 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

RICHARDSON,  Curtis 
The  University  of  Michigan 
SNR 

Ann  Arbor,  Michigan  48109 

RICHARDSON,  Wyman  J 
Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

RIFFERT , H . 

Institut  fur  Geophysik  und  Meteorologie 

Mendels sohnstrasse  1 

D3300  Braunschweig,  West  Germany 

RIGONE,  John  L. 

Aerojet  ElectroSystems  Co. 

P.  0.  Box  296 

Azusa,  California  91702 

RISLEY,  Ed 

Department  of  the  Interior 
7212  Beechwood  Road 
Alexandria,  Virginia  22307 


c/o  U.S.  AID  Mission 

U,S.  Embassy 

San  Jose,  Costa  Rica 

ROGERS,  Robert 
Bendix 

3621  S.  State  Rd. 

Ann  Arbor,  Michigan  48107 

ROMO,  P.  E. 

TRW 

Bldg.  R5/1271 

Redondo  Beach,  California  90278 
ROSENBLUM,  Robert  A. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 
ROSS , D . Ian 

Ontario  Ministry  of  the  Environment 
Water  Resources  Branch 
1 St.  Clair  Ave.,  West 
Toronto,  Ontario,  Canada  M4V  1P5 

ROSS , Grant 

Faculty  of  Environmental  Design 

University  of  Calgary 

Calgary,  Alberta,  Canada  T2N  1N4 


RITTER , Dennis 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

RITTIG,  Falk  R. 

4419  Romlon  Street  #102 
Beltsville,  Maryland  20705 

ROBERTS,  R.  W. 

Ford  Aerospace  & Communications  Corp. 
P.  0.  Box  58487 
Houston,  Texas  77058 

ROBINOVE,  Charles  J. 

U.S.  Geological  Survey 
1925  Newton  Square,  East 
Reston,  Virginia  22090 

ROBINSON,  M.  A. 

Beckman  Instruments,  Inc. 

1630  S.  State  College  Blvd. 

Anaheim,  California  92806 

ROCHON,  Guy 
Laval  University 
Department  of  Photo gramme try 
Quebec,  Quebec,  Canada  GIK  7P4 


ROTTWEILER.  K.  A. 

Bendix 

1633  Broadway 

New  York,  New  York  10019 

ROUSE,  John  W. , Jr. 

NASA/ ERL 

Washington,  D.  C.  20546 

ROUSE,  Lawrence  J.,  Jr. 

Coastal  Studies  Institute 
Louisiana  State  University 
Baton  Rouge,  Louisiana  70803 

RUSKEY,  Frank 

U.S.  Bureau  of  Mines 

Building  20,  Denver  Federal  Center 

Denver,  Colorado  80225 

RUSSELL,  James  D. 

Purdue  University/LARS 

1220  Potter  Drive 

West  Lafayette,  Indiana  47906 

SADOWSICI , Frank 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 


SALINAS,  Julio  H. 
Lockheed  Electronics  Co. 
16811  El  Camino  Real 
Houston,  Texas  77059 


SCHOJ/^,  Donna  K.  " 

Purdue  University/LARS 
122C  Potter  Drive 
West  Lafayette,  Indiana  47906 


SALOMONSON,  Vincent 
Goddard  Space  Flight  Center 
Hydrology  & Oceanography  Branch 
Code  913 

Greenbelt,  Maryland  20771 

SANDBANK,  Robert 

American  Geographic  Co . , Inc . 

3109  Thompson  Road 
Fenton,  Michigan  48430 

SANDNESS,  Gerald  A. 

Battelle  Northwest  Laboratories 
Battelle  Blvd. 

Richland,  Washington  99352 

SANO,  Masaharu 
University  of  Toronto 
Geophysics  Lab.,  Department  of  Physics 
Toronto,  Ontario,  Canada  M5S  1A7 


SCHWINGENDORF , Susan 
Purdue  University/LARS  ■ 

1220  Potter  Drive 

West  Lafayette,  Indiana  47906 

SEEL,  Kurt  E. 

Parks  Canada 
211-72  Ave. , N.W. 

Calgary,  Alberta,  Canada  T2K  0N8 

SHAPIRO,  Alan 

Naval  Research  Laboratory 

Washington,  D.C.  20390 

SHARIFI,  M.  A. 

Information  Division 
Ministry  of  Agriculture  of  the 
Imperial  Government  of  Iran 
Boulevard  Ellizabet 
Tehran,  Iran 


SARNECKI,  A.  J. 

ESA 

ESTEC/TC,  Domeinweg 
Noordwijk,  Netherlands 


SHARP , Warren 

1000  Independence  Ave.,  S.W 
Washington,  D.C,  20314 


SAUNDERS , Lloyd  H . 

1000  Independence  Ave.,  S.  W. 
Washington,  D.C.  20314 

SAYN-WITTGENSTEIN,  L. 

Forest  Management  Institute 
Canadian  Forestry  Service 
396  Cooper  Street 
Ottawa,  Ontario,  Canada  KIA  0W2 

S CHANDA,  Erwin 
University  of  Berne 
Institute  of  Applied  Physics 
Sidlerstrasse  5 
3012  Berne,  Switzerland 

SCHERZ,  James  P. 

University  of  Wisconsin 
Department  of  Civil/Environmental 
Engineering 

Madison,  Wisconsin  53706 

SCHIEBER,  Mark 
379  E.  15th  Ave. 

Columbus,  Ohio  43201 

SCHLOSSER.  Stan 
Spatial  Data  Systems 
P.  0.  Box  249 
Goleta,  California  93017 


SHELTON,  Ronald  L. 

Michigan  State  University? 
Department  of  Resource  Development 
Natural  Resources  Bldg. 

East  Lansing,  Michigaji  48824 

SHERMAN,  J.  W. , III  | 

U.S.  Department  of  Coillmerce 
NOAA/NESS  SPOC  Group  \ 

FOB  No.  4,  Room  3020  \ 

Washington,  D.C.  20233\\ 

\ 

SHUCHMAN,  Robert  \ 

Environmental  Research  In&itute  of 
Michigan  A 

P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 


SIKDAR,  D.  N. 

University  of  Wisconsin 
Department  of  Atmospheric  Sciences 
3409  N.  Downer 
Milwaukee,  Wisconsin  53201 


SIVERTSON,  W.?E."X.  - 

NASA  //  'T' 

LARC/Space  Sfsiems  Division 
Mail  Stop  364  | 

Hampton,  Virginia  23665 


xliv 


SKIMIN,  William  E. 

Great  Lakes  Basin  Commission 
P.  0.  Box  999 
3475  Plymouth  Road 
Ann  Arbor,  Michigan  48106 

SLEATOR,  Fred  S. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 
SLOAN,  David  S. 

Scientific  Systems  Division,  MDA 
Nootka  Bldg. 

10280  Shellbridge  Way 
Richmond,  British  Columbia,  Canada 
V6X  2Z9 

SMITH,  Delbert  D. 

Law  Offices  of  D.  D.  Smith 
Madison,  Wisconsin 

SMITH,  Gary  S. 

The  University  of  Michigan 

2404  Stone  Road 

Ann  Arbor,  Michigan  48105 

SMITH,  John  T. 

Daedalus  Enterprises,  Inc. 

7101  Jackson  Ave. , P.0,  Box  1869 
Ann  Arbor,  Michigan  48106 

SMITH,  Scott 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

SNYDER,  Harold  L. 

Centre  for  Cold  Ocean  Resources 
Engineering 

Memorial  University  of  Newfoundland 
St.John's,  Newfoundland,  Canada  AlC  5S7 

SOCOLOVSKY,  Luis 

National  Commission  on  Space  Research 

Pedro  Zanni  250 

Buenos  Aires,  Argentina  1104 

S0RENSEN,  B.  Miller 

Joint  ResearclwGenter,  EURATOM 

21020  Ispra  (VA)  I%ly 

SOUSA,  T.  M.  (Sue) 

U.S.  Geological  Survey 
National  Center,  M.S.  708 
Reston,  Virginia  22092 

SPANN,  G.  William 
METRICS,  Inc. 

290  Interstate  North,  Suite  116 
Atanta,  Georgia  30339 


SPENCER,  Herbert  R. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

SPIALTER,  Leonard 
INSTRUMENTORS  III 
P.  0.  Box  338 
Dayton,  Ohio  45406 

SPRAGG,  Dennis  W. 

Ohio  State  University 
31  East  18th  Ave. 

Columbus,  Ohio  43201 

STAELIN,  David  H. 

Rm.  26-341 

Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts  02139 

STANCIOFF,  Andrew 
A.S.P. 

15  West  3rd  St. 

Frederick,  Maryland  21701 

STANLEY,  David  J. 

Harwell  Laboratory 
8521  Aere  Harwell 

Didcot,  Oxfordshire,  England  0X11  ORA 
STEETH,  Judith  A. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 

STEINMANN,  Ruprecht 
DFVLR,  Linder  Hoehe 
D-5000  Koeln  90,  West  Germany 

STERNBERG,  Stanely  R. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  6).8 
Ann  Arbor,  llichigan  48107 

STEVENS,  Alan  R. 

Tennessee  Valley  Authority 
Maps  & Survey  Branch 
216  Haney  Building 
Chattanooga,  Tennessee  37401:;- 

STEWART , Harry 
Phillips  Petroleum  Co. 

262  FPB 

Bartlesville,  Oklahoma  74004 
STINSON,  John 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 


xlv 


i 1 

1 

1 ( 

■'■'■"■J 



V , -V  1 

1 

li 

1 1 

- 

1 

STOCK,  Peter 

Kronprinzenstrasse  35,  Postfach  1629 
43  Essen,  West  Germany 

STODDARD,  Samuel 

1000  Independence  Ave, , S.W. 

Washington,  D.C.  20314 

STROKE,  W.  M. 

Canada  Centre  for  Remote  Sensing 

2464  Sheffield  Road 

Ottawa,  Ontario,  Canada  KIA  0E4 

STRONG,  Derek 

Center  for  Cold  Ocean  Resources 
Memorial  University  of  Newfoundland 
St.John's,  Newfoundland,  Canada  AlC  5S7 

SUITS , Gwynn 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 
SUK,  Minsoo 

University  of  California 
Department  of  Electrical  Engineering 
Davis,  California  95616 

SUMMERS,  Robert  A. 

U. S.  Energy  Research  & Development  Adm. 
Plans  and  Programs 
20  Massachusetts  Ave.,  N.W. 

Washington,  D.C.  20545 

SUTHERLAND,  Arthur 
TASC 

6 Jacob  Way 

Reading,  Massachusetts  01867 
SWEET,  George 

NASA/Langley  Research  Center 
The  Battery 
North,  Virginia  23128 

SYLER,  Philip  R. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 
TACHUK,  B. 

Bendix  Aerospace  Systems  Division 
2621  S.  State  Road 
Ann  Arbor,  Michigan  48107 

TAGGART,  Charles  I. 

Atmospheric  Env.  Service 
4905  Dufferin  St. 

Toronto,  Ontario,  Canada 

TAKAHASHI,  M. 

NAC , Inc . \ 

1400  Pebble  Vale  St.  y 
Monterey  Park,  Califorriia  91754 


TANAKA,  Sotaro 

Remote  Sensing  Technology  Center  of 
Japan 

7-15-17  Uni-Roppongi  Bldg. 

Minato-ku,  Tokyo,  Japan 

TANIS,  Fred  J. 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 
TASSO,  Juan  J. 

National  Comission  of  Space  Research 

Pedro  Zanni  250 

Buenos  Aires,  Argentina  1104 

TELEKI,  P.  G. 

EROS  Program,  USGS 
1925  Newton  Square,  East 
Reston,  Virginia  22092 

TENG,  William  L. 

Federal  Highway  Administration 
Department  of  Transportation 
Washington,  D.C.  20590 

TERRILL,  John  A. 

The  University^ of  Michigan/Flint 
2713  Kellar 

Flint,  Michigan  48504 

TERROUX.  A. C. David 
Environment  Canada 
Inland  Waters  Directorate 
Ottawa,  Ontario,  Canada  KIA  0E7 

THIELE,  H.  J. 

Duval  Corp. 

6250  E.  Monterosa  St. 

Scottsdale,  Arizona  85251 

THOMAS,  Randall  W. 

University  of  California 
260  Space  Sciences  Lab. 

Berkeley,  California  94720 

THOMPSON,  David  R. 

NASA 

16519  Clearcrest  Drive 
Houston,  Texas  77059 

THOMPSON,  M.  D. 

Intera  Environmental  Consultants 
603  7 Ave. , S.W. 

Calgary,  Alberta,  Canada 

THOMSON,  F.  J. 

Environment;^  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 


xlvi 


TOBIAS,  Kip 

Spatial  Data  Systems 

P.  0.  Box  249 

Goleta,  California  93017 

TOBLER,  W.  R. 

The  University  of  Michigan 
4046  LSA 

Ann  Arbor,  Michigan  48109 

TOKERUD,  R.  E. 

Lockheed 

16811  El  Camino  Real 
Houston,  Texas  77086 

TORBERT,  Grover  B. 

Bureau  of  Land  Management 
Department  of  the  Interior 
Washington,  D.C.  20240 

TOUKOV,  Cueorgi 

Ministry  of  Geology  of  the  USSR 
Gross  Georgia  Street  4/6 
Moscow,  USSR 

TOWLES,  Robert  W. 

General  Electric  Co. 

P.  0.  Box  2500 

Daytona  Beach,  Florida  32751 

TRAGNI,  Frank 
1503  Redway  Lane 
Houston,  Texas  77062 

TREVETT,  J.  W. 

Hunting  Surveys  & Consultants,  Ltd. 
Elstree  Way,  Borehamwood 
Herts . , England 

TUBBS,  Jack 
University  of  Arkansas 
953  Oaks  Manor 

Fayetteville,  Arkansas  72701 

TUELLER,  Paul  T. 

University  of  Nevada 

400  Tarn  Way 

Reno,  Nevada  89503 

ULABY,  F.  T. 

University  of  Kansas 

2291  Irving  Hill  Dr.,  Campus  West 

Lawrence,  Kansas  66045 


VAN  DEELEN,  Wim 
Joint  Research  Center 
European  Communities 
200  rue  de  La  Lol 
Bruxelles  1049  Belgium 

van  der  BLIEK,  J.  A. 

National  Aerospace  Laboratory 
National  Lucht-  en  Ruimtavaart  Lab , 
Anthony  Fokkerweg  2 
Amsterdam,  Netherlands 

VAN  GENDEREN,  J.  L. 

Fairey  Surveys,  Ltd. 

Reform  Road,  Maidenhead 
Berkshire,  England  S16  8BU 

VAN  STEENBURGH,  R. 

Wild  Heerbrugg  Instruments,  Inc, 

465  Smith  St. 

Farmingdale,  New  York  11735 

VASS,  P.  A. 

Fairey  Surveys,  Ltd. 

Reform  Road 
Maidenhead 

Berkshire,  England  SL6  8BU 

VENTI , Frank  'X.. 

Spatial  Data  Systems 
17251  W.  12  Mile 
Southfield,  Michigan  48076 

VILAKAZl,  Aaron  M. 

Geological  Survey  & Mines  Department 
P.  0.  Box  9 
Mbabane,  Swaziland 

VINCENT,  Robert  K. 

GeoSpectra  Corp . 

320  N.  Main,  Suite  301 
Ann  Arbor,  Michigan  48104 

VITALE,  J.  A. 

NASA 

400  Maryland  Ave. , S.W. 

Washington,  D.C.  20024 

VOGEL,  Ted 

U.S.  Army  Engineering  Topographic  Lab 

c/o  Commander  & Director 

ETL-GS-GA 

Ft.  Belvoir,  Virginia  22060 


VALERO,  Juan  C.  VOLGER,  Klaus 

United  Nations  Committee  on  Outer  Space  Mariannenstrasse  2 
809  United  Nations  Plaza,  4th  Floor  Frankfurt,  West  Germany 
New  York,  New  York  10017  . 

VOYlKj, ' .iGr egdry  H . 

VanBRIMER,  R.  Hugh  U.S.  Gdkat  Guard 

Mead  Technology  Labs . , Inc.  c/o  Commandant  (G-WEP-5/73) 

3481  Dayton-Xenia  Rd.  Washington,  D.C.  20590 

Dayton,  Ohio  45432 


xlvii 


WADA,  James  E.  , . _ 

Instrumentation  Marketing  Gorp. 

820  S.  Mariposa  St. 

Burbank,  California  91506 


WAGNER,  Harvey  L. 

Environmental  Research  Institute  o 
Michigan 
p.  0 . Box  618 

Ann  Arbor,  Michigan  48107 


WAGNER,  Thomas 

Environmental  Research  Institute  or 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 


WALLIS , ' Robert 
Stanford  Tech.  Corp. 

650  N.  Mary  , 

Sunnyvale,  California  94086 


WASHBURN,  Jeffrey  F. 

Battelle  Northwest  Laboratory 


Battelle  Blvd. 
Richland,  Washington 


99352 


WATERS , Marshall , III 
NOAA/NESS 

9207  Ivanhoe  Rd.  onmo 

Ft.  Washington,  Maryland  200/z 


WHITMAN,  Ruth  I. 

NASA  Headquarters 
Code  ERR 

Washington,  D.C.  20546 

WIECZOREK,  Ulrich 
Universitat  Munchen 
Institute  f.  Geographie 
Luisenstrasse  37 
Munich,  West  Germany 

WILEY,  C.  A. 

Rockwell  International 
Anaheim,  California  92803 

WILHELM,  John 

Office  of  Interagency  Development 
Coordination 

AID  " 

320  21st  St. , N.W. 

Washington,  D.C.  20523 


WILSON,  C. 

Bendix 

3621  S.  State  Rd. 
Ann  Arbor,  Michigan 


48107 


WILSON,  Cary  . ^ 

Environmental  Research  Institute  ot 
Michigan 
P.  O.  Box  618 

Ann  Arbor,  Michigan  48107 


WATSON,  Ken 
U.S.  Geological  Survey 
Stop  964,  P.  0.  Box  25046 
Denver  Federal  Center 
Denver.  Colorado  80225 


WILSON,  J.  T. 

The  University  of  Michigan 
6117  1ST 

Ann  Arbor,  Michigan  48109 


WEBBER,  J.  D. 
Lockheed  Electronics 
1010  Cause  Blvd. 
Slidell.  Louisiana 


70458 


WEHMANEN,  Oscar  A. 

LEG 

8218  Broadway,  #1108 
Houston,  Texas  77061 


WEILL.  G.  M. 

CNES,  DGPIPR 

129  rue  de  I'Universite 

75007  Paris,  France 


WISE,  D.  U. 

University  of  Massachusetts 
Department  of  Geology 
Amherst,  Massachusetts  01003 

WOODZICK,  Tom 
Colorado  State  University 
Department  of  Earth  Resources 
Fort  Collins,  Colorado  80523 

WORSFOLD,  Richard  D. 

Centre  for  Cold  Ocean  Resources  Engr. 
Memorial  University  of  Newfoundland 
St.John's,  Newfoundland,  Canada  AIG  do/ 


WENTERS,  Ralph  L. 

Hughes  Aircraft  Co. 

P.  0.  Box  92919 

Los  Angeles,  California  90009 


WRAY,  James  R. 

U.S.  Geological  Survey 
National  Center,  Mail  Stop  710 
12201  Sunrise  Valley  Drive 
Reston,  Virginia  22092 


WHEELER,  S.  G. 

IBM  Federal  Systems  Division 
1322  Space  Park  Drive 
Houston,  Texas  77058 


WRIDE,  Marc  C. 
INTERA 

1200  603  7th  Ave. , 
Calgary,  Alberta, 


S.W. 

Canada 


xlviii 


WUKELIC,  George  E. 

Battelle  Memorial  Institute 
505  King  Avenue 
Columbus,  Ohio  43201 

ZAITZEFF,  E.  M. 

Bendix 

3621  S.  State  Road 

Ann  Arbor,  Michigan  48107 

ZIMMERMAN,  Gerhard 
Academy  of  Sciences  of  GDR 
Institute  for  Electronics 
Rudower  Chaus see  6 
Berlin,  GDR  1199 

ZISSIS,  George 

Environmental  Research  Institute  of 
Michigan 
P.  0.  Box  618 

Ann  Arbor,  Michigan  48107 


WELCOME  AND  INTRODUCTION 


William  M.  Brown 
President 

Environmental  Research  Institute  of  Michigan 
Ann  Arbor,  Michigan 


Ladies  and  Gentlemen: 

On  behalf  of  the  Ann  Arbor  community,  The  University  of  Michigan,  the 

a relatively  small  group  of  people  from  U.S.  government  agencies  and  universi 
LrtfdlscLrthe  possibilities  of  applying  modern  sensor  technology  and 

and  to  the  monitoring  of  the  environment.  During  the  fifteen  years  since  o 
first  symposium,  great  strides  have  been  made  in  sensing  technology  and 

its  anplications The  progress  is  perhaps  best  exemplified  by  the  Landsat 
series  of  satellite  systems.  The  data  provided  by  the  Landsat  systems  are 
being  utilized  throughout  the  world  in  a wide  range 

Thp  annlications  vary  in  scale  from  local  land  use  analysis  to  the  LACIE  pro 
gram,^Lich  is  a large  scale  multi-agency  program  to  monitor  and  project  wheat 
production  on  a world  wide  basis . 

The  broadened  interest  and  capabilities  in  remote  sensing  which  have 
developed  throughout  the  world  are  critically  needed  in  connection  with  the 
management  of  the  earth's  natural  resources.  People  everywhere  have  come  to 
?eali“L?  nature  is  finite.  We  are  all  concerned  with  the  interplay  be- 
tween the  world's  growing  population,  limited  food  supply,  the  depletion  o 
our  available  fossil  fuels,  and  the  demands  placed  on  our  other  renewable  and 
non-renewable  resources.  Remote  sensing  is  a major  technology  required  to 
help  us  cope  with  these  major  problem  areas.  Thus,  you  attendees  and  others 
working  in  •remote  sensing  can  contribute  greatly  to  society  s ability  o 
wisely ^manage  our  earth  resources  and  monitor  and  improye^our  environment. 

As  a matter  of  basic  policy  this  symposium  has  ^ strong  inter- 

national  character,  and  I am  sure  that  I speak  for  all  U.S.  attendees  when 
extend  a special  welcome  to  the  many  non-U. S.  speakers  and  attendees.  We 
are  very  pleased  that  approximately  one-third  of  the  papers  for  this  meeting 
are  from  other  nations  of  the  world.  As  a technology  remote  sensing  has  a 
very  special  role  to  play  in  the  international  arena  in  that  remote  sensing 

provides  an  exceptionally  good  vehicle  J^°°??^!national 

point  is  that  this  technology  sepes  as  a basis  for  ^ 

and  I think  we  who  work  in  remote  sensing  should  do  all  we  can  to 
Advance  remote  sensing  programs  which  foster  improved  international  relations. 

To  summarize  my  brief  remarks  we  see  that  remote  sensing  is  an  extremely 
impoSantTechnoloIy  which  directly  impacts  two  of  the  world's  major  problem 
areas:  man's  ability  to  live  in  harmony  with  his  neighbors,  especially 

neighbors  in  other  countries,  and  his  ability  to  live  in  harmony  with  the 
rest  of  nature.  I hope  and  trust  that  you  find  this  meeting  informative  and 
rev7arding  All  of  us  at  ERIM  are  pleased  to  have  a part  in  conducting  th 
program, \nd  if  we  can  be  of  further  service  please  let  us  know.  Also,  if 
vou\ave  suggestions  for  future  meetings  please  feel  sincerely  invited  to 
provide  conllnts  to  Dr.  Jerald  Cook  or  other  members  of  the  Executive  or 
Program  Committees . 
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THE  PROBLEMS  AND  OPPORTUNITIES* 


W.  A.  Nierenberg 
Director 

Scripps  Institution  of  Oceanography 
La  Jolla,  California 


The  first  point  to  make  - and  immediately  - is  that  I will  not  define 
remote  sensing.  After  all,  it  i was  even  used  by  Noah  when  he  sent  out  the  dove 
and  it  returned  with  the  flowering  peach  spring  in  its  beak  - indicating  that 
the  flood  was  over. 

I do  plan  to  talk  about  remote  sensing  application  to  study  the  world’s 
oceans,  but  even  this  is  too  broad  for  my  purposes  today.  After  all,  oceano- 
graphers have  been  using  acoustics  for  profiling  the  ocean  bottomfor  years  - 
and  then  the  marine  geologists  principal  tool  is  seismic  exploration  of  the 
layers  beneath  the  ocean.  More  recently,  the  antisubmarine  warfare  role  of 
sound  has  been  reversed  and  it  is  now  being  employed  as  a remote  sensing  tool 
for  exploring  the  inhomogeneities  of  the  ocean  waters . I want  to  take  time 
from  the  main  stream  of  my  talk  to  talk  about  remote  sensing  of  the  oceans 
interior.  As  is  well  known,  the  ocean  is  not  homogeneous  either  vertically 
or  horizontally.  The  vertical  variation  of  the  speed  of  sound  is  what  leads 
to  the  deep  sound  channel  and  the  focussing  so  important  in  ASW  using  low 
frequency  sound.  This  has  been  exploited  to  extreme  limits  of  coherency  in 
length  and  time.  Ultimately,  signal  processings  is  limited  by  inhomogeneities 
in  composition  and  currents.  However,  these  oceanic  variations  are  important 
in  themselves  for  a whole  variety  of  oceanic  processes  such  as  vertical  dif- 
fusion. This  means  that  this  noise  or  "acoustic  clutter"  can  be  put  to  use 
by  acoustic  remote  sensing  to  yield  important  information  to  physical  and 
biological  oceanographers  in  much  the  same  way  that  acoustic  interaction  with 
the  bottom  is  useful  to  the  marine  geologist.  We  will  then  be  modern  in  this 
talk  and  talk  about  the  current  status,  opportunities,  and  shortcomings  of 
satellite  oceanography. 

The  principal  application  at  this  time  is  to  superficial  physical  oceano- 
graphy. This  is  because  the  basic  sensor  - high  frequency  electromagnetic 
radiation  does  not  penetrate  the  ocean  to  any  appreciable  depth.  Therefore, 
unless  an  internal  phenomenon  has  surface  expression,  it  is  unobserved.  One 
positive  example  is  internal  waves.  Even  so,  there  are  two  broad  classes  of 
phenomena  - those  that  are  directly  linked  to  the  surface,  such  as  the  ocean 
waves  and  the  ocean  height  - and  those  tied  to  the  flow  of  the  waters  - the 
ocean  currents. 

We  can  get  some  appreciation  of  what  can  be  done  from  satellites  by  com- 
parison with  what  is  being  done  in  meteorology.  The  oceans  and  the  atmos-_ 
phere  both  are  geophysical  fluids  obeying  very  similar  laws  and  the  compari- 
son should  be  just  a matter  of  scaling. 


*Ke3mote  address  given  at  the  Eleventh  International  S3raiposium  on  Remote 
Sensing  of  Environment,  Ann  Arbor,  Michigan,  April  25,  1977. 
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First  we  examine  the  length  scales  by  using  the  Rossby  radius  of  de- 
formation (Slide  1,  Figure  1). 


0)  = 2 sin  ()i  the  Coriolus  parameter 
n = angular  velocity  of  rotation  of  the  earth 
ifi  = latitude 
D = fluid  depth 

n = - ^ ^ Vaisala  frequency 

For  the  atmosphere  we  chose  D=10^m,  = 1/60  sec”^ 

u = 1.5x10  ^ sin  $ yielding 
L = 1200  km 

For  the  oceans  we  have  D=4xl0^m,  = 5x10”^  sec~^ 

yielding  L ^ 130  km 

We  now  take  up  the  time  scale  using  the  Rossby  frequency 
a = e/K  or  T = 

P 

a = wave  frequency  = the  variation  of  with  distance 

along  the  meridian  (Slide  la,  Figure  la)  . 

If  we  take  k = i = ^ 

L Dti  ’ 

We  get  T = ^ 

giving  typical  values  T y 100  hours  in  the  atmosphere 

T 1000  hours  in  the  ocean. 


The  velocity  scaling  can,  of  course,  be  obtained  from  the  ratio  of  length 
to  txme  scales.  We  assume  that  the  waves  are  near  the  limit  where  the 
particle  velocities  are  = wave  phase  velocities  - the  motion  is  not  quite 
wave- like  not  quite  turbulent.  quxue 

atmo^here?^^  this  mean  in  terms  of  satellite  coverage  - oceans  versus 

dimensional  sampling  for  typical  wave- 
lengths, the  data  rate  for  oceanic  areal  coverage  is  100  times  that  for  the 
atmosphere.  On  the  other  hand,  the  oceanic  processes  are  10  times  slower 
Th-;  0^2.2-  for  the  oceans  is  10  times  that  for  the  atmosph^e. 

nWo  reduced  by  the  physical  limitations.  In  the^atmos- 

various  depths  while  for  the  ocean,  it  can 

only  be  taken  at  the  surface. 


background  we  can  examine  more  precisely  the  relationship  of 
satellite  oceanography  to  some  modern  oceanographic  developments . There 

approaches  to  the  common  viewpoint  but  perhaps 
the  Walter  Munk  statement  covers  it  the  most  succintly.  He  pointed^out  that 

of''thrworirLp^r’"°T''^^^®’'^''°’'‘"®'^  f the  larger  feature: 

morriel^npar^f  ? ^f^ent  years,  the  AC.  picture  is  becoming  more  and 

very  useful  fn^  t-h  pH  DC.  maps  of  the  world's  currents  do  not  prove 

particular important  oceanic  processes.  It  is 
weather  and^fn2  for  coupling  to  the  atmosphere  in  terms  of  our 

and  years  for  example  ^ climate  changes  of  periods  betx-^een  several  months 
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A most  recent  global  study  by  Wyrtki  from  Hawaii  of  the  relative  energy 
in  the  fluctuating  part  of  the  current  (the  eddy)  versus  the  DC.  component 
shows  that  there  is  perhaps  ten  times  the  energy  in  the  time  variable  com- 
ponent than  in  the  DC.  component.  It  is  not  simply  that  oceanographers  were 
not  aware  of  this  possibility  - there  were  indications  enough  but  the  measure- 
ments with  the  ships  and  equipment  available  were  inadequate  to  the  problem. 
Still  NORPAX  and  its  predecessors  showed  that  the  scale  lengths  of  these 
variations  seemed  correct  based  on  the  anomalous  surface  sea  temperatures  of 
the  northern  Pacific  and  similarly  with  the  scale  periods  (Slide  2,  Figure  2). 

The  similarity  to  the  atmospheric  variation  of  related  scale  has  caused 
oceanographers  to  speak  of  ocean  "weather"  and  ocean  "storms"  in  the  same 
sense  assuming  that  the  fundamental  length  of  this  eddy  energy  is  the  meso- 
scale.  However,  efforts  to  demonstrate  the  existence  of  these  mesoscale 
phenomena  in  the  barest  outlines,  have  been  cumbersome  and  expensive.  The 
Russian  Polygon  and  the  U.S.  MODE  experiments  are  for  this  purpose. 

It  is  perhaps  too  ambitious  and  probably  unnecessary  to  make  regular 
synoptic  observations  of  the  oceans  as  we  do  the  atmosphere,  The  character 
of  atmospheric  observations  are  as  determined,  at  least  as  much  by  direct 
applications  such  as  to  agriculture,  aviation,  construction  and  so  on  as  it 
is  for  theoretical  work.  The  oceanic  practical  requirements  are  different 
from  the  atmospheric  so  the  use  of  the  word  "weather"  may  carry  more  meaning 
than  is  desired.  Nevertheless,  it  is  reasonable  to  assume  from  what  we  now 
know  that  some  far  more  cost  effective  data  networks  must  be  established. 

Shortlywe  will  showsome  examples  of  recent  satellite  work  that  bear 
out  the  optimism  that  this  will  be  done.  Before  we  take  up  these  individual 
examples,  I would  like  to  review  about  fifteen  vears  of  a related  develop- 
ment that  illustrates  the  difficulties  in  the  interpretation  of  remotely 
sensed  data  of  the  ocean  surface.  The  point  of  this  discussion  is  how  an 
important  result  can  almost  be  in  our  grasp  but  for  inadequate  support  of 
work  on  the  basic  phenomena  - in  this  case  the  air  - sea  interaction  that 
generates  surface  waves . 

1 am  talking  about  the  microwave  scatterometer . This  is  currently  a 
13  GHz  radar  which  uses  the  scattering  cross-section  from  the  ocean  surface 
to  estimate  windspeed.  There  was  one  in  Skylab  and  there  will  be  a better 
one  on  Seasat  A.  NRL  made  extensive  measurements  and  found  a weak  depen- 
dence on  velocity  (Figure  3) . 

More  or  less  the  same  data  but  from  different  regions  plotted  log-log 
shows  an  apparent  dependency  (Figure  4) . 

The  next  figure  show?  the  scatter  in  the  power  dependency  on  velocity 
versus  angle  (Figure  5) 

Another  plot  of  this  exponent  but  versus  frequency  also  shows  great 
scatter  (Figure  6) . 

In  an  attempt  to  pin  down  the  scatter,  a combination  of  AAFE  program  and 
Skylab  measurements  were  analyzed  and  the  results  are  shown  in  Figure  7. 

This  shows  a scatter  of  8 knots  which  is  not  very  encouraging  over  the  range 
of  15  to  30  knots  displayed.  Slide  8 (Figure  8)  shows  more  of  similarly 
obtained  data  in  a different  way. 

I suppose  the  point  I am  trying  to  make,  using  this  important  example,  is 
that  the  scatter  has  not  been  reduced  after  10  years  of  work.  First  we  note 
that  the  radar  X-section  is  non-dimensional  and  therefore  some  other  variable 
is  needed  to  develop  a relation  with  the  windspeed  which  is  dimensional. 

This  is  a point  emphasized  by  Klaus  Hasselman.  It  could  be  surface  tension 
(which  strongly  influences  the  small  waves  that  are  responsible  for  the 
microwave  scatter)  or  the  RMS  wave  height.  In  any  event,  much  further  support 
is  needed  for  the  oceanic  part  of  the  research.  ,, 
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As  a counterexample  of  what  can  be  done  by  remote  sensing  using  radio 
waves,  I describe  experiments  designed  to  measure  the  growth  rate  of  waves 
as  a function  of  angle  to  the  wind  using  downwind  observations  off  a lee 
shore.  The  experiments  were  done  at  Wake  Island  in  1972  and  Galveston  in  1976, 

It  was  in  1956  that  Crombie  first  observed  UF  scatter  from  the  sea  and 
recognized  that  it  was  Bragg  scatter.  Nevertheless,  it  wasn't  until  1972 
that  the  scatter  was  normalized  by  wave  measurements  at  the  same  time  and 
place  (despite  about  30  papers  in  between) . 

This  is  a very  important  field  of  research;  both  because  of  its  practical 
application  to  remote  sensing  of  the  ocean  surface  in  terms  of  wave  height  at 
a distance  but  also  because  of  its  use  in  measuring  the  wave  spectrum  genera- 
tion, saturation,  and  angular  dependence. 

The  radio  frequencies  involved  are  about  2 to  30  me/ sec  and  these  correspond 
in  wavelength  to  twice  the  range  of  dominant  (in  terms  of  energy)  wavelengths 
in  the  ocean.  Just  as  in  the  acoustic  case  discussed  earlier,  the  radio 
scatter  caused  by  the  ocean  surface  was  from  WWII  and  considered  only  noise  n 
and  earned  the  name  clutter.  It  was  well  enough  known  that  the  radar  experts 
had  a number  -20  db  assigned  to  the  value  of  this  dimensionless  cross-section 
(scattering  cross-section  per  unit  area  of  ocean  surface) . 

In  first  and  very  good  Rayleigh  scattering  approximation,  it  can  be  proved 
that  the  scattering  x-section  goes  like  k ** . The  saturated  wave  power  spectrum 
goes  like  k^**  in  this  range.  This  is  known  theoretically  and  experimentally. 

The  product  is  independent  of  wavelength  and  this  agrees  with  the  radar  obser- 
vations. The  coefficient  in  the  power  spectrum  even  is  known  reasonably  well 
and  it  does  agree  with  the  -20  db  figure. 

This  is  a very  exciting  result,  uniting  as  it  does,  two  very  different 
phenomenologies . Considerable  efforts  are  being  expended  to  convert  this  to 
a genuine  remote  sensing  technology. 

It  is  even  possible  to  go  further.  Since  this  is  Bragg  scattering,  the 
return  signal  is  overdetermined . The  specific  radio  wavelength  is  scattered 
by  a specific  oceanic  wavelength.  The  Doppler  gives  the  ocean  wave  velocity. 
However,  the  ocean  gravity  wave  velocity  is  determined  by  a well-known 
formula.  Very  often  the  observed  Doppler  velocity  does  not  agree  with  cal- 
culated wave  velocity  and  the  difference  is  ascribable  to  the  surface  cur- 
rent. This  then  gives  a technique  that  in  principle  sense  the  surface 
currents . 

From  among  the  set  of  possibilities,  I chose  illustrations  from  some  ex- 
periments on  wave  development  in  a fetch. 

The  slide  (Figure  9)  is  that  of  the  wave  buoy  that  was  used  for  the 
measurements  and  is  capable  of  some  directional  discrimination,  as  well  as 
for  developing  the  wave  height  power  spectrum.  The  results  that  follow  are 
from  joint  Stanford/ Scripps  Institution  of  Oceanography  work  and  the  par- 
ticular experiment  was  proposed  by  Robert  Stewart  of  Scripps.  The  radio 
signal  employed  was  a 2Mhz  Loran  signal.  This  is  160m  wavelength  and  is 
Bragg  scattered  from  7 sec  ocean  waves  moving  radial  to  or  from  the  antenna. 

The  antenna  itself  was  transported  on  a straight  section  of  beach  to  give  a 
5 degree  synthetic  operature.  The  general  layout  is  shown  in  Figure  10 
(the  slide.  Figure  10a). 

The  results  are  shown  in  the  next  slide  (Figure  11) . They  represent 
five  different  directions  but  the  cross-sections  can  be  assimilated  into  one 
universal  curve  when  plotted  versus  range  times  cosine  of  the  angle  to  the 
wind  direction,  the  results  are  very  nice.  ^ was  Calvin  Teague  at  Stanford 
who  picked  up  this  correlation. 


As  I said  earlier,  we  would  jump  from  one  application  to  another.  This, 
however,  is  the  nature  of  the  subject  - it  is  not  a science  but  a collection 

of  disciplines  working  on  the  oceans.  The  next  one  is  from  geophysics  and  rs 

the  geoidal  information  obtained  from  satellites  that  could  be  used  oceano- 
graphically. The  first  is  spectacular  and  is  the  re.sult  of  (Figure  12)  com- 
paratively coarse  (Im.)  altimeter  measurements  of  the  surface  of  the  ocean  as 
the  satellite  sweeps  over  the  regions  of  the  deep  oceanic _ trenches . The 
anomaly  is  clearly  and  quickly  shown.  The  ease  is  startling  compared  to  the 

tedious  shipboard  work  of  von  Arx  of  Woods  Hole  Oceanographic  Institute  that 

first  demonstrated  this  anomaly. 

More  important,  at  least  to  physical  oceanographers,  would  be  results 
that  could  interpret  ocean "heights  to  10  cm  or  better.  Unfortunately,  this 
requires  an  altimeter  good  to  at  least  this  sensitivity.  This  is  instrumentally 
difficult  as  well  as  physically  difficult  - requiring  atmospheric  corrections 
for  example.  In  addition,  it  requires  an  equivalent  gold  determination  for 
the  precision  of  the  satellite  motion.  This  achievement  would  be  fundamental 
in  elucidating  the  oceanic  behavior  I described  in  my  opening  remarks.  The 
interesting  dynaq’ic  and  static  variations  in  oceanic  heights  are  between  10  cm 
and  Im. 

The  theme  that  runs  through  most  of  the  examples  is  the  necessity  for 
ground  truth  of  "ocean"  truth  in  oceanic  remote  sensing  - particularly  if 
truth  is  defined  to  include  a good  understanding  of  the  relevan  oceanic  pro- 
cesses. A very  important  but  rare  case  is  where  this  ground  truth  is  provided 
by  an  earlier  long-time  series.  We  have  this  in  the  California  current  system 
in  the  region  from  the  tip  of  Baja  to  the  northern  California  boundary  and 
seaward  to  an  80  km  grid  of  stations  reaching  seaward  several  hundred  miles 
and  in  lesser  density  to  Hawaii.  This  data  is  part  of  theCalCOFI  measure- 
ments made  during  the  last  27  years  at  one  to  three  month  intervals  in  most 
years.  The  time  and  space  grids  are  generally  too  coarse  for  mesoscale 
analyses  but  during  a niimber  of  intervals,  such  behavior  has  been  observed 
and  agrees  with  theoretical  estimates  of  similar  basis  to  those  made  earlier 
but  with  appropriately  different  parameters  such  as  depth  and  Vaisala  frequency. 

Given  this  wealth  of  data,  the  California  current  system  has  proven  to  be 
an  almost  ideal  target  for  NOAA-3's  very  high  resolution  radiometer.  It  is 
doubly  fortunate  because  this  coast  is  subject  to  frequent  San  Ana  conditions 
where  adiabatic  dry  air  from  a continental  high  blows  seaward  yielding  an 
essentially  cloudless  condition  perfect  for  observation.  The  slide  shows 
such  a pattern  off  of  point  Concepcion  - the  upper  in  the  visible  range,  the 
lower  (Figure  13)  in  the  infrared.  The  range  of  10  gray  scales  is  7 _ degrees 
C and  the  several  mesoscale  eddies  are  clearly  visible.  The  next  slide  is  of 
the  waters  off  of  Baja  California  and  the  eddy  structure  is  also  apparent  here. 
The  team  led  by  R.  L.  Bernstein  working  on  this  problem  has  been  able  to  trace 
the  complete  time  evolution  of  one  meander  to  cutoff. 

Given  these  examples,  what  can  be  said  of  the  possibility  of  useful  remote 
sensing  from  satellites  of  the  oceans  below  the  surface.  Bernstein  points  out 
that  in  the  case  of  the  California  current  system  there  is  a historically 
established  connection  between  the  surface  and  main  thermocline  temperature 
distributions.  In  this  case,  it  is  possible  to  make  circulation  interpreta- 
tions although  the  accuracy  would  still  depend  on  some  available  local  sub- 
surface measurements . 

More  impressive  is  the  possibility  of  using  internal  wave  information  as 
manifested  on  the  surface.  The  slide  shows  a spectacular  (to  an  oceanographer 
at  least)  example  on  the  shelf  off  southwestern  Africa  (Figure  15) . The 
subject  of  oceanic  internal  waves  is  being  intensively  developed.  It  could  be 
that  such  important  processes  as  vertical  diffusion  can  be  attributed  to  the 
internal  wave  structure.  Unfortunately,  to  date  their  surface  manifestation 
have  only  been  observed  on  the  shelves  where,  of  course,  they  are  particularly 
marked . 
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There  are  other  possibilities.  Stewart  has  shown  experimentally  that  it 
is  possible  to  obtain  the  currenp  shear  in  the  upper  layer  from  the  Bragg 
scattering  of  radio  at  different  wavelengths.  Each  wavelength  has  a different 
skin  depth  and  hence  has  a slightly  different  Doppler  shift  depending  on  the 
velocity  shear,  as  we  explained  earlier.  This  quantity  can  be  primary  in  the 
air/sea  interaction  measuring  as  it  does  directly  the  momentum  transfer  to  the 
ocean  by  the  atmosphere.  The  reverse  would  be  the  used  of  a two  wavelength 
radiometer  to  measure  the  heat  flow  through  the  surface  of  the  ocean  directly. 
Developments  of  this  nature  would  have  more  than  a technical  significance  be- 
cause of  happenings  in  the  Law  of  the  Sea  negotiations.  There  is  a drift  in 
the  direction  of  severely  circumscribing  the  freedom  for  research  in  the 
oceans  which,  if  successful,  would  drive  remote  sensing  technology  very  hard. 

The  irony  is  that  at  present,  the  United  States  is  committed  to  publishing 
oceanic  data  promptly.  If  forced  to  go  the  satellite  route,  this  may  not  be 
the  case!  I should  say  that  this  was  the  line  used  by  the  Russians  in  lobby- 
ing for  freedom  for  ocean  research.  However,  their  political  leaders  have 
altered  the  tune  and  now  support  restrictions . I must  at  least  touch  on  the 
subject  I know  and  understand  the  least  - polar  ice.  I did  make  one  summer 
trip  to  McMurdo  and  the  South  Pole,  but  I didn't  need  the  trip  to  appreciate 

the  role  that  polar  ice  plays  in  oceanic  processes.  This  must  be  the 

classical  example  of  an  intractable  non-linear  problem.  Yet  one  can  only  be 
impressed  by  the  information  the  glaciologists  are  obtaining  from  the 
satellites.  The  slide  is  a good  example  (Figure  16).  Since  there  are  a 
number  of  important  theories  on  the  relation  of  the  polar  caps  to  the  ocean 

climate,  and  the  atmospheric  climate,  the  satellite  would  seem  to  be  the  pre- 

ferred way  to  monitor  these  theories. 

One  area  we  have  speculated  on  a great  deal  at  Scripps  is  the  possible 
application  of  satellites  to  the  direct  measurement  of  biological  productivity 
in  the  earth's  oceans.  There  has  been  sporadic  work  in  this  area  based  either 
on  the  optical  properties  of  chlorophyll  or  on  bioluminescence. 

Let  me  explain  why  this  problem  is  important.  Twenty  years  ago,  the 
fishery  experts  estimated  the  maximum  sustainable  yield  of  the  world's  common 
fisheries  at  about  200  million  tons  a year.  This  was  at  a time  when  these 
combined  fisheries  were  about  20  million  tons  a year.  In  time,  the  catch  in- 
creased and  the  estimate  decreased.  Today,  the  world  catch  is  about  80  million 
tons  a year  and  the  estimate  of  the  maximum  is  put  at  100  million  tons. 

This  is  a tremendous  increase  in  yield.  The  catch  is  equivalent  to  about 
a tenth  of  a pound  of  protein  rich  food  per  person  per  day  in  this  world. 
Unfortunately,  from  our  poor  estimate  of  the  maximum  productivity,  this  cannot 
go  up  and  from  our  past  experience  in  common  fisheries,  we  can  pessimistically 
expect  to  see  this  growth  revei'sed. 

A sensor  system  that  can  monitor  the  oceans  productivity  would  be  a major 
contribution. 

My  remarks  can  be  more  narrowly  construed:  Because  of  the  slowness  of 

the  Law  of  the  Sea  Negotiations,  the  U.S.  along  with  most  other  nations  of  the 
world  has  unilaterally  proclaimed  a 200  mile  fishery  resource.  This  was  done 
to  conserve  these  resources  V7hich  were  in  danger  of  serious  depletion  by  foreign 
fleets.  This  zone  is  the  richest  of  any  one  nation  and  it  is  in  our  best 
interest  to  see  that  it  is  conservatively  treated.  Even  in  this  narrow  sense, 
surveillance  by  satellite  would  be  cost  effective  compared  to  the  classical 
Coast  Guard  cutter  approach. 

I close  my  talk  at  this  point  because  I realize  that  I have  jumped  from 
topic  to  topic  in  what  must  have  been  a most  bewildering  fashibn.  But  this  is 
characteristic  of  oceanic  research  and  development.  Man  does  not  live  on  the 
ocean  in  any  appreciable  nvraibers  and  certainly  very  few  are  below  the  surface 
at  any  one  time.  Therefore,  these  various  activities  are  poorly  connected  in 
a political  legal  or  social  sense.  It  is  this  aspect  that  has  made  the  Law  of 
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• VI  TVio-r-p  -i  <?  as  vet,  no  strong  enough  forcing 

the  Sea  Negotiations  so  impossible.  -.-Id's  nations.  This  has  also  been 

funccion  to  compel  agreement  among  th  Nevertheless,  I enjoyed 

'tS  ?i^S?aSon".h5  ?Ur?rSrtSl  d,Uvery. 

Thank  you. 


LENGTH  SCALE 

0)  = Coriolus  parameter 

L = Dn/u.  D = 

n = Vaisala  frequency 

L -It  1200  km  in  the  atmosphere 

L -v  130  km  in  the  oceans 

figure  1 (Slide  1) 


TIME  SCALE 

R = radius  of  Earth 

T 2if  g-  n = Vaisala  frequency 

D = Depth  of  fluid 
T -V  100  hr  in  the  atmosphere 
T -It  1000  hr  in  the  oceans 

FIGURE  la  (Slide  la) 


FIGURE  2.  EXAI4FLES  OF  OCEANIC  VARIABILITY 

(a)  Surface  temperature  in  °C  (at  a depth  of  3 m) 

(b)  Depth  of  10 °C  isotherm  in  meters 

(c)  Vertical  section  along  3.5°  N 

Data  taken  3-6  November  1976  by  6 Navy  ships  steaming 
along  parallel  tracks. 


From:  Wilson,  W.  S.  and  Dugan,  J.  P.  1977  (in  press) 

Mesoscale  Thermal  Variability  in  the  Vicinity 
of  the  Kuroshio  Extension, 


Median  NRCS  of,  the  sea  vs.  wind  velocity,  power  law 

FIGURE  3,  Shows  scatter  on  data,  and  difficulty  of  relating  scatter  to  a 
unique  wind  speed 

0 Angle  from  horizontal 

NRCS  = Normalized  radar  cross  section  (per  unxt  area)  | 

From:  John  Daley,  1973 . An  emperical  sea  clutter  model  /; 

NKL  Report  2668. 
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WIND  SPEED  (KNOTS) 

FIGURE  4.  University  of  Kansas  power  law  fits  on  NRL  data  by 
mission. 

O 

a = radar  cross  section 
0 = angle  from  vertical 

VI  = wind  speed 

Shows  fit  of  radar  cross  section  ^ (wind  speed)^°^®^ 
for  two  different  data  sets.  NRL  claims  both  sets 
were  well  calibrated  and  difference  is  real.  Kansas 
claims  difference  is  instrumental. 

From:  Claassen,  J,  P,  and  H.  S.  Fung,  1972.  The  wind  response 

of  radar  sea  returns  and  its  implication  on  wave  spectral 
growth  - an  opposing  view,  University  of  Kansas  Tech. 
Report  186-5. 


MODEL:  0®  ■ KW“ 

where  o®  is  scattering  coefficient 
W is  wind  speed 
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NASA/JSC* 

AAFE 


8.9  GHz 
13.3  GHz 
13.9  GHz 
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(2.25cm) 
(2.16  cm) 


indicate  ± one  estimated  standard  error 

available  for  the  AAFE  data) 
•NASA/JSC  exponents  shcsvn  are  for  o°(e)/o°{10°)»KW° 
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rxijutui  D.  limpirical  estimates  of  the  power  1, 
relating  wind  speed  and  vertically 
polarized  scattering  coefficients  < 
measured  upwind 

wind  Seld  Inf  raLr""  correlation  between 
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calibrated,  so  scatter  is  not  instrumental  ^ 
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Horizontal  Polarization 
e = 30° 


Wind  Speed 
Power 

Coefficient 

Radar  Cross  section 
I};  wind  speedP°^®^ 

power  = wind  speed 
power  coefficient 


FIGURE  6^  Regression  analysis;  wind  speed  power  coefficient  vs  frequency 

Plot  shows  scatter  in  exponent  of  correlation  between  radar  cross  section 
and  wind  speed.  Data  from  URL  and  NASA  programs  summarizes  all  kno;«i 
aircraft  data.  All  are  very  well  calibrated,  so  scatter  is  not  instrumental 


From;  Jones,  W,  L.  and  L,  C,  .fchroeder , 1977.  Dependence  of  radar 

backs catter  from  the  ocean  on  surface  wind  speed  and  direction 
(in  press) . 


(Knots) 


Kitrure  7a  This  olot  shovjs  great  scatter  in  radar  measured 

Fxgure  / . ^oi^pared  with  anemometer  measurements 

in  scatter  area.  Scatter  is  attrxbuted  to 
anemometer  by  authors,  rather  than  to  radar. 

50“  from  vertical  - 13.9GHZ  (2.16  cm  wavelength) 

UV  ==  vertical  transmit  - vertical  recexye  polarxzatxons 
SL^^  = Skylab  Mission  4.  Analyzed  separately  because 
antenna  was  dam.aged  slightly  by  astronauts. 

U = wind  observed  by  radar 

= wind  measured  by  shins  with  anemometers  of 
™ knovm  height 

_ j TT  m of  1976  The  measurement  of  winds 

From!  ocean’ surface ’witha  radiometer-scatterometer  on 

Skylab.  Final  report  to  IIASA  by  Uniyersxty  of  hansa  / 

CUIIY  Joint  Program.  Kept.  HAS  9>-136!-Z. 
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Horizontal  polarization 
e = 50° 


6 5 June  1973 
(Hurricane  Ava) 
Q 6 Jane  1973  3 

oil  June  1973  / 


10  15  20253035404550 

Wind  speed  in  knots 


FIGURE  8.  Skylab  S-193  Scatterometer  response  to  wind  at 
sea  (from  congressional  presentation  by 
Dr.  R.  K.  Moore,  Feb.  20,  1974). 

Shows  scatter  in  radar  observations  of  wind 
compared  with  wind  observations  or  wind 
calculated  from  circulation  models . 

From;  Grantham,  W.  L. , et  al. , 1975.  An 

operational  satellite  scatterometer  for 
wind  vector  measurements  over  the  ocean, 
NASA  tech,  memo  TM  X-72672. 
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FIGURE  15.  Enhanced  ERTS  photo  made  on  November  28,  1972,  off 
west  Africa  just  north  of  Cape  Town,  showing  six  pa 
of  surface  slicks  apparently  radiating  from  a small 
at  the  center  left.  This  photo  suggests  Internal  w 
may  have  lifetimes  on  the  shelf  of  several  days . 
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the  technological  response 


Daniel  J . P'ink 

Vice  President  and  General  Manager 
General,  Electric  Company  - Space  Division 
Philadelphia,  Pennsylvania 


When  George  Zissis  invited  me  to  address  you  ^ this 

, because  it  has  always  been  a pleasure  for  me  to  partrcxpate  in  cnis 

meeting,  aAd  to  communicate  with  you  who  are  doing  so  gP^o  uarScipate 

technoliev  to  the  important  concerns  of  our  time.  I also  wanted  to  participate 
because  Ffeel  that  we  are  nearirig  an  exciting  transition  irom  experiment  to 
Sentlciil  usage  of  remote  sensing  in  oP-^^ional  systems  and  I wanted  to  be 
here  to  share  it  with  you  who  have  done  so  much  to  make  it  possible. 

Although  we  have  been  underway  for  only  an  hour  or  so,  it  is  not  hard  to 
see  concretl  evidence  that  the  growth  and  progress  we  have  come  to  expect  from 
this  meeting  have  been  realized,  or  perhaps  even  accelerated. 

Firtit"  evidence  is  the  composition  of  the  attendance.  Xn  earlier  years, 

Mo.t  S L™  Lr.  wie  developers  05  prl.cip.l  inves tx|«ors , 

and  we  talked  mostly  about  sensing  theory,  instrument  design,  and  ^a^^' 
processing.  Now  I see  that  with  active  participation  the  user  co^unities, 
we're  beginning  more  and  more  to  work  on  the  broader  task- -building  the  vital 
bridges  between  technology  and  applications. 

Then  I noted  the  program  itself,  which  has  Papats  and  presentations  of  far 
technical  depth  and  scope  than  we  have  ever  had.  And  instead  ot  con 
centratine  almost  exclusively  on  the  interpretation  and  measurement  of  discrete 
pSomS  S if  thfiast,  tLy-re  evolvin|  into  assessments  of  whole  systems 

and  models . 

Rill  Nierenbure's  challenging  keynote  address  is  more  evidence  of  this 
proaresf  Tfef  yelrl  ago  tls  commeSs  about  the  accuracy  of  instrumentation, 
df  f s in  proof sing^of  data,  and  the  difficulty  of  erecting  accurate  user 
c TTnnia  nrnbablv  have  been  considered  unique  to  the  oceanographic  discipline. 
Nof  f f ^ef  tSf  tSe se  f e concerns  wfiich  are  shared  by  people  working 

in  the  atmospheric  and  earth  sciences.  The  advancement  of  remote  sensxng  x 
becoming  less  and  less  dependent  on  the  solution  of  narrow  individual  problems 
in  technique  Today,  real  progress  is  measured  by  advances  in  our  capability 
for\road^operationIl  missions.  This  requips  that  we  integrate  our  contribut- 
ing  disciplines  and  move  them  forward  together. 

John  Muir  may  have  identified  himself  as  a naturalist  rather  than  a tech- 
nologist but  todly  he  would  feel  right  at  home  inthis  Symposip  because  of 

his  well-known  observation  that  in  nature,  tf  Is  tofllidate 

thing  else  I believe  we  now  have,  or  can  acquire,  the  working  pois  to  vaiiap 

that^statement.  We  can  integrate  and  unify  all  ?ffdf  stand  ’ 

and  monitor  the  earth.  And,  in  time,  I expect  we  will  be  able  to  understand 

and  manage  its  phenomena  and  resources. 


^Presented  at  the  Eleventh  International  Symposium  on  Remote  Sensing  of 
Environment,  Ann  Arbor,  Michigan,  April  25,  1977. 
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I am  encouraged  to  believe  this  by  the  tremendous  technical  resources  our 
community  has  developed,  and  the  encouraging  signs  that  they  can  be  integrated 
and  focussed  efficiently  in  operational  systems.  To  understand  where  we  are, 
we  ought  to  separate  our  tasks  into  two  categories : the  technical  tasks  which 
we  have  always  been  able  to  surmount,  once  we  definad  them:  and  the  tasks  which 
grow  out  of  interactions  between  disciplines  and  hu4)an  institutions,  surprisingly 
difficult  both  to  define  and  resolve. 

Let's  briefly  look  at  how  far  we've  come  in  technical  sophistication.  Just 
think  back  to  the  gee  whiz  days  when  we  were  all  so  thrilled  by  the  Gemini  photos . 
We  saw  earth  resources  phenomena  in  a broad  synoptic  view  fob  the  first  time, 
and  the  advantages  to  map  makers  and  geologists  were  immediately  evident.  Our 
interest  then  focussed  on  rather  narrow  technical  questions  about  the  viability 
of  platforms  and  sensors. 

Now  we  have  many  platforms,  and  could  go  from  geosynchronous  orbits  down 
to  any  period  and  inclination  one  could  want,  and  they  function  effectively  for 
periods  measured  in  years.  On  the  immediate  horizon  are  new  platforms  which 
will  have  a design  goal  of  ten  years,  and  which  will  give_sensor  pointing 
accuracy  to  one  hundredth  of  a degree  and  stability  to  10  ^ degrees  per  second. 
Thus  we  will  acquire  not  only  the  continuity  and  reliability  that  seemed  so 
difficult  only  a few  years  ago,  but  more  accurate  and  straightforward  geometric 
corrections  of  image  data,  which  will  lighten  our  data  processing  burden.  In 
addition,  the  availability  of  the  Space  Shuttle  for  large  payloads  and  variable 
periodicity  will  provide  a new  degree  of  mission  flexibiity- -perhaps  more  than 
we  can  effectively  utilize  to  the  end  of  this  century. 

Another  leading  technical  concern,  particularly  of  this  Symposium,  has  been 
sensors  and  whether  they  would  enable  us  to  observe  really  relevant  phenomena. 

We  quickly  determined  that  scanner  information  could  be  made  more  accurate  and 
disseminated  more  rapidly  than  film,  and  most  of  you  will  remember  that  develop- 
ment of  the  multispectral  scanner  for  earth  resources  use  began  at  this 
iUniversity  with  a study  in  late  1964.  By  this  time  Tiros  Wi'^s  flying  infrared 
^devices  and  the  Nimbus  instrumentation  experiments  were  under  way.  Our  studies 
and  experience  led  to  the  four-channel  multispectral  scanner^  which  has  given 
such  spectacular  results  on  Landsat  1 and  2,  and  we  will  add  a,  fifth  channel 
in  the  thermal  band  which  will  fly  on  Landsat  C. 

Now  this  scanner  has  evolved  to  the  thematic  mapper  which  will  be  flown  on 
Landsat  D to  give  spatial  resolution  of  30  meters.  It  will  incorporate  six  or 
possibly  seven  spectral  bands  of  higher  radiometric  sensitivity,  requiring  a 
data  rate  of  about  100  megabits  per  second,  almost  an  order  of  magnitude  in- 
crease over  the  first  MSS.  Seasat  will  carry  more  evidence  of  sensor  sophistica- 
tion in  the  form  of  a synthetic  aperture  radar  with  25-meter  resolution.  I be- 
lieve at  least  two  papers  in  this  Symposium  will  be  devoted  to  various  aspects 
of  this  instrument.  And  we  are  developing  or  flying  other  instruments,  passive 
and  active,  at  various  points  in  the  spectrum,  for  radiometry  and  other  measure- 
ments . 

These  platforms  and  sensors,  up  to  now,  have  been  supported  by  a varied 
complex  of  data  operations.  These  have  ranged  from  near  realtime  transmission, 
interpretation  and  distribution,  as  in  the  case  of  NOAA's  weather  satellites, 
to  a utilization  cycle  consuming  weeks  arid  months,  as  in  the  case  of  Landsat 
imagery.  But  look  at  what  they  have  enabled  us  to  do!  They  have  supported  the 
multitude  of  experiments  which  have  brought  remote  sensing  from  a tentative 
and  theoretical  concept,  to  a verifiatl^l  body  of  technology,  to  a valid  and 
usable  data  base,  to  the  very  threshold  of  fully  operational  systems — and  all 
in  a few  short  years . 

Our  experiments  have  been  so  responsive  to  the  spirit  of  free  scientific 
inquiry  that  they  have  produced  an  amazing  variety  of  results,  spanning  all 
disciplines.  I can  recall  few  branches  of  technology  which  have  produced  so 


much  valuable  material  in  so  short  a time,  and  I salute  all  who  contributed, 
including  perhaps  the  majority  of  all  who  are  in  this  audience. 

But  I also  believe  that  this  achievement  has  brought  us  to  the  threshold 
of  a new  era  of  research  in  remote  sensing — an  era  in  which  our  R&D  support  will 
frrow  out  of  an  operational  base.  And  we  can't  build  such  a base  unless  an  in- 
creasing: level  of  experimental  effort  and  resources  id  devoted  to  the  needs  of 
single-mission  systems,  such  as  crop  forecasting,  which  seem  to  be  likely  avenues 
to  operational  status. 

Today  we  can  talk  about  these  operational  objectives  more  confidently  than 
ever  before  because  of  the  progress  we  are  seeing  in  another  technical  realm 
data  handling,  processing  and  distribution.  For  example,  some  user  missions 
require  fully  processed  data  within  24  to  48  hours  after  observation--much _ faster 
than  we  have  been  able  to  supply  it.  But  now  we  are  developing  parallel  pipe- 
line processors  which  will  process  up  to  80  million  bytes  per  second,  which  is 
eight  times  more  than  the  total  output  of  Landsat  D . 

For  years,  data  processing  was  more  rapid,  more  accurate,  and  above  all, 
cheaper  when  done  on  the  ground  instead  of  on  the  spacecraft.  Now  micropro- 
cessor techniques  may  reverse  this  principle.  We  can  now  postulate  an  array 
occupying  about  one  cubic  foot  and  drawing  150  watts  of  power  which  could  pandle 
over  100  megabits  per  second,  simultaneously  formatting,  correcting,  and  p5|ro- 
cessing  the  output  of  as  many  as  25  instruments.  It  could  integrate  tne  oi:}tput 
of  these  instruments  so  that  the  data  of  one  can  be  processed  using  the  dato 
of  another,  as  for  example  when  an  infrared  spectrometer  can  correct  the  out- 
put of  a scanning  radiometer  to  account  for  atmospheric  effects . 


We  also  have  attractive  options  for  borrowing  advanced  data  processing 
technology  from  other  fields  and  applying  it  to  remote  sensing  missions. _ From 
X-ray  tomography  and  sonar,  for  example,  we  can  acquire  the  high  processing  rates 
and  immense  storage  capacities  we  need  for  preprocessing  of  real-time  data,  an 
automated  extractive  operations. 

Data  distribution,  once  a challenge,  no  longer  seems  so  formidable.  NASA's 
Tracking  and  Data  Relay  Satellites  will  be  placed  in  synchronous  orbit  to  collect 
and  relay  data  transmission  from  orbiting  platforms  in  real  time,  eliminating 
on-board  tape  recorder  storage.  The  increasing  availability  and  decreasing  costs 
of  Domsat  communication  links  make  them  look  very  attractive  as  the  primary 
channels  for  distributing  remote  sensing  data  to  users. 


Our  slow  cumbersome  data  distribution  through  the  physical  handling  of 
photographs  and  tapes  provided  a barely  adequate  base  for  research.  During 
those  years,  the  prospect  of  putting  an  interactive  data  terminal  into  the  h^ds 
of  every  principal  user  seemed  like  an  impossible  dream.  We  could  only  imagine 
the  "transparent  system"  in  which  the  user  would  simply  receive  data  on  demand, 
without  having  to  be  concerned  with  the  equipment  that  observed,  processed,  or 
transmitted  it,  just  as  communications  users  receive  their  service  on  demand, 
without  knowing  or  caring  whether  it  comes  over  hard  wire,  microwave  net  or 
satellite.  ' , 

I firmly  believe  that  this  is  no  longer  a dream,  but  an  attainable  goal 
for  which  techitology  is  already  available.  The  reason  we  don't  have  it  in 
operation  is  because  of  the  barriers  that  are  keeping  us  from  developing  the 
user  demand  necessary  to  support  such  advances. 

There  are  three  of  these  barriers,  ea.d;i  inhibiting  our  efforts  in  an 
essential  function:  first,  the  extraction  of  usable _ inf ormation  from  our  data 

base-  second,  selecting  and  formatting  that  information  to  fit  the  needs  of  the 
user;  and  third,  adapting  the  users'  organization  and  procedures  to  use  the 
information  most  efficiently.  Our  success  in  getting  over  all  three  of  these 
obstacles  will  decide  whether  remote  sensing  is  to  fulfill  its  potential  as  one 
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of  the  most  powerful  and  efficient  operational  tools  ever  to  be  applied  to  the 
world's  most  important  concerns,  or  whether  it  will  dwindle  away  as  just 
another  piece  of  promising  technology  which  never  quite  caught  up  with  its  „ 
application.  i 

I would  identify  the  first,  the  information  extraction  barrier,  as  purely 
technical.  We  have  come  a long  way  from  the  naked  eyeball  of  the  photo  inter- 
preter to  the  capabilities  of  computer  based  extractive  systems,  such  as  the 
Image  100,  which  promise  even  higher  capability  in  their  next  generation. 

Nevertheless,  the  interactive  man-machine  complex  still  requires  too  much 
participation  and  decision-making  by  man  at  considerable  costs  in  time  and 
money.  Furthermore,  we  still  do  not  know  how  to  isolate  and  automatically  com- 
pensate for  errors,  such  as  those  induced  by  the  atmosphere.  I believe  our 
most  important  technical  task,  toward  which  we  should  direct  an  appropriate 
amount  of  our  resources,  is  to  develop  logic  and  architecture  which  can  diminish 
the  role  of  human  inference  in  extractive  processing.  We  should  have  as  a goal 
a system  which  could  be  operated  at  the  necessary  output  rates  by  technicians 
with  moderate  skill  and  experience  levels.  Our  excellent  record  in  overcoming 
technical  barriers  should  give  us  high  confidence  here,  especially  in  view  of 
the  availability  of  data  processing  advances  which  I mentioned  earlier. 

A second  area  that  demands  immediate  and  intense  concentration,  perhaps 
because  it  is  almost  purely  inter-disciplinary,  is  the  development  of  user 
models.  The  user  model  is  usually  defined  as  the  algorithm  or  procedure  that 
translates  remote  sensing  data  into  a form  directly  usable  by  resource  managers 
for  decision-making.  It  is  sometimes  baffling  to  see  how  a thing  so  easy  to 
define  can  be  so  difficult  to  do--much  more  difficult  than  the  technical  tasks 
we  can  define. 

I think  we're  really  looking  at  a physical  principle  first  observed  by 
Alfred  Wallace,  a contemporary  of  Darwin.  He  noted  that  the  distribution  of 
animals  seemed  to  be  dictated  by  relationships  between  plants,  soil,  water,  and 
climate  in  given  areas,  and  that  there  were  tjoth  larger  numbers  of  individuals 
and  larger  numbers  of  species  at  the  interfaces  where  these  areas  interact. 

So  I like  to  think  that  user  models  are  difficult  to  build  simply  because  they 
represent  interfaces  where  actions  are  more  complex  and  varied  than  those  that 
take  place  in  the  domains  they  connect. 

We  have  come  to  appreciate  this  phenomenon  in  building  models  for  such 
interdisciplinary  processes  as  food  plant  growth.  Our  best  model  is  for  corn. 
Our  yield  model  for  wheat,  more  important  in  world  markets,  is  only  fairly  good. 
On  rice  and  tuber  crops,  which  lead  all  others  in  world-wide  consumption,  we 
have  made  very  little  progress.  All  of  this  modeling  work  uses  many  sources  of 
information.  The  most  notable  attempt  to  base  a model  largely  on  remotely 
sensed  data  is  LACIE,  the  wheat  crop  inventory  experiment.  Here  we  have  made 
notable  progress,  but  are  just  leaving  the  lower  part  of  the  learning  curve. 

Hydrologists  have  taken  their  first  steps  in  using  remote  sensing  to  model 
and  predict  the  water  levels  in  reservoirs.  They  use  Landsat  data  as  land 
cover  maps  of  drainage  basins  to  predict  rainfall  run-off  or  absorption.  And 
the  five-day  weather  forecast  is  a numerical  process  in  which  satellite  data  on 
wind  speed,  temperature,  and  humidity  are  used. 

It  is  a safe  generalization  to  say  that  in  all  disciplines,  the  working 
tools  provided  by  remote  sensing  are  better  than  the  models  we  are  able  to  build 
with  them.  And  we  must  recognize  that  in  many  prospective  user  organizations 
little  is  being  done,  and  in  others  modeling  programs  are  going  forward  without 
any  remote  sensing  input  or  participation.  Since  the  user  model  must  be  the 
bridge  between  the  remote  sensing  system  and  the  management  decisions  it  is 
designed  to  influence,  we  cannot  transfer  our  rich  store  of  applications  tech- 
nology to  the  user  without  it.  Therefore,  it  needs  our  immediate  and  intense 
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concentration  along  the  entire  frontier  of  the  user  interface.  It  is  a task 
which  demands  patience  and  dedication,  as  well  as  thorough  technical  knowledge. 

The  third  barrier  is  the  institution  which  must  use  rempte  sensing  data. 
Being  a human  creation,  it  carries  more  lags  and  inertial  impediments  than  the 
technology  which  is  designed  to  serve  it.  So  we  must  exercise  our  initiative 
to  help  each  user  arrive  at  institutional  arrangements  which  will  shape  his 
operations  to  our  methods  and  formats.  I was  interested  to  read  about  the 
Pacific  Northwest  Regional  Commission,  composed  of  the  governors  of  Idaho, 

Oregon,  and  Washington  along  with  a federal  co-chairman,  They  formed  a task 
force,  with  the  assistance  of  NASA  and  the  U.S.  Geological  Survey,  to  plan  a 
three-year  program  using  Landsat  data  for  urban  land  use,  agriculture,  forestry, 
range  land  inventory,  and  weed  control.  In  the  process,  they  involved  35 
separate  agencies , and  built  a training  phase  into  the  prvogram  to  adapt  them 
to  use  of  the  Landsat  data  base. 

I cite  this  group  not  as  a model  or  prototype,  because  experience  has  al- 
ready taught  us  that  there  can  be  no  single  type  of  arrangement  which  will  fit 
all  types  of  users.  What  is  notable  here  is  that  this  group  of  states  already 
had  well-developed  techniques  for  land  use  inventory,  But  they  objectively 
evaluated  the  benefits  of  switching  to  new  techniques  based  on  remote  sensing, 
and  they  adapted  their  institutions  so  as  to  get  the  maximum  benefits  from 
both  the  new  and  the  old  method. 

This  kind  of  initiative  resulted  from  a kind  of  "demand  pull"  by  a user 
group  which  had  been  well  eviucated  about  the  value  and  utility  of  the  product, 
just  as  in  a commercial  marV,eting  situation.  NASA  hopes  to  see  the  same  kind 
of  action  by  NOAA  and  other  prospective  users  of  Seasat  as  validation  of 
spacecraft  data  progresses.; 

It  seems  to  me  that  all  prospective  users  of  Landsat  data  could  profitably 
undergo  the  adaptation  process  now,  while  remote  sensing  is  still  on  the  thres- 
hold of  the  operational  stage  and  thus  makes  the  simplest  demands  on  participat- 
ing institutions.  Those  that  find  value  in  remote  sensing  in  any  of  its  applica- 
tions can  thus  have  time  enough  to  make  their  adaptations  through  an  evolutionary 
process,  growing  and  changing  with  their  needs  and  the  advances  in  our  capa- 
bilities . 

Since  most  of  the  adaptation  to  remote  sensing  methods  now  seems  to  be 
happenj-ng  in _ cabinet-level  departments  of  the  federal  government,  the  institu- 
tional question  should  also  be  handled  at  that  level.  If  governing  bodies 
are  formed,  they  should  have  as  their  objectives  the  advancement  and  rapid 
utilization  of  the  remote  sensing  resource,  and  not  merely  its  regulation  and 
coordination.  However  the  institutional  arrangements  are  handled,  a dominant 
voice  should  be  given  those  agencies  or  bodies  which  can  demonstrate  the  most 
benefit  from  application  of  remote  sensing  technology,  and  which  show  the  most 
initiative  in  adopting  their  operation  to  its  methods  and  requirements . 

It  seems  to  me  that  improvements  in  world-wide  food  production  and  dis- 
tribution, if  clearly  demonstrated  as  a possibility,  would  be  the  most  bene- 
ficial prospective  application  for  operational  remote  sensing.  NASA  and 
NOAA's  LACIE  experiment  with  the  Department  of  Agriculture  may  provide  just 
such  a demonstration.  I believe  that  the  DA  is  thus  the  leading  candidate  as 
the  agency  first  to  advance  Landsat  into  fully  operational  status  through 
this  pilot  mission.  We  would  be  wise  to  devote  whatever  resources  are  necessary 
and  prudent  to  the  support  of  this  thrust. 

Briefly  then,  here  is  how  I see  the  response  of  the  remote  sensing  com- 
munity to  the  challenges  pointed  out  by  our  keynote  speaker.  We  have  proved 
conclusively  the  viability  of  our  platforms  and  are  confident  that  they  can 
be  adapted  to  any  payload,  orbit  or  periodicity  requirement  we  can  now  foresee. 
The  capability  of  our  sensors  has  progressed  more  rapidly  than  we  thought 


possible  in  the  days  when  we  had  to  rely  only  on  cameras  and  film.  But  a great 
deal  of  work  needs  to  be  done,  particularly  xn  those  xnter face  areas  where 
complex  energy  interchanges  take  place,  as  between  the  ocean  and  the  atmosphere, 
and  between  the  atmosphere  and  the  Ismd-mass. 

We  have  shown  that  a valid  data:  base  can  be  assembled  and  maintained,  but 
we  must  adapt  the  advanced  technology  now  becoming  available  to  our  work  in  high- 
sneed  data  nrocessinE  and  distribution.  We  certainly  must  make  the  machine 
i^suL  more^of  thl  SurLn  in  the  man-machine  interface  which  is  now  at  the  center 
of  our  extractive  and  interpretive  processing.  We  have  integrated  many  dis- 
ciplines at  least  in  a primitive  way,  but  must  make  a better  match  between 
systL  output  and  user  Leds  through  the  building  and  ref inement  of  user  models . 
And  we  certainly  must  prepare  now  to  adapt  our  xnstxtutxons  at  the  federal, 
state,  and  municipal  levels  so  that  they  can  fairly  assess  and  efficiently  adapt 
the  advantages  that  remote  sensing  offers  them. 

Some  of  these  tasks  have  confronted  us  since  the  very  first  day  of  remote 
sensing  experimentation.  Today  we  are  on  the  threshold  of  an  era  in  which  for 
the  first  Lme  we  will  have  the  working  tools  and  the  un^rs tending  to  address 
them  properly.  We  have  a steady  flow  of  Metsat  data  which  wV.ll  continue  into 
the  foreseeable  future.  Landsat  1 and  2 have  provided  data  ijince  1972,  and 
Landsat  C is  approved  for  launch  late  this  year  or  early  next  year.  Landsat  D 
will  follow  in  1981,  with  a back-up  vehicle  available  as  an  earth  resources 
platform,  and  Seasat  will  go  on  line  in  1978. 

A short  time  ago,  many  of  us  were  concerned  because  we  knew  that  prospec- 
tive users  saw  no  guarantee  of  data  continuity.  Thus,  they  were  reluctant  to 
invest  the  time  and  money  necessary  to  build  the  bridges  toward  operational  use 
of  remote  sensing.  Today  we  have  reasonable  confidence  that  for  the  next  ten 
yeall  Te  wm  not  only  Lve  a steady  flow  of  data,  but  that  the  data  will  grow 
in  volume  and  in  usefulness  to  the  peoples  of  the  world.  We  should  seize  this 
opportunity  and  use  it  to  integrate  our  disciplines  and  concentrate  our 
sources  on  the  remaining  barriers.  If  we  do,  we  won  t have 

flow,  because  we  will  create  such  an  expansion  in  operational  adaptations  that 
the  user  demand  for  data  will  become  irresistable . 

In  order  to  ensure  that  this  opportunity  will  not  be  lost  to  us , we  must  im- 
prove our  performance  in  one  more  vital  area,  the  area  of  advocacy.  We  must 
remember  that  the  achievements  and  benefits  of  the  whole  remote _ sensing  program, 
so  obvious  to  all  of  us,  are  virtually  unknown  to  many  prospective  users,  to 
opinion  leaders  in  the  community,  and  to  many  decision  makers  in  government. 

Some  may  be  skeptical  because,  in  our  early  enthusiasm,  we  talked  about  these 
benefits  before  we  could  fully  document  them.  What  a message  we  nowhaye  to 
bring  to  these  people!  We  have  a powerful  program  with  proven  capability  to 
address  world-wide  problems  in  food  supply  and  distribution,  new  sources  of 
enerev  water  conservation,  improved  weather  forecastxng,  land  use  plannxng, 
resource  conservation  and  dozens  of  other  areas.  We  can  Remonstrate  its  cost- 
effectiveness  , not  by  assigning  some  arbitrary  value  to  its  future  benefits , 
but  by  showing  that  it  can  pay  its  own  way  in  real  dollars  and  cents.  And  we 
have  shown  that  these  benefits  can  be  developed  on  an  evolutionary  basis,  be- 
cause our  technology  can  be  adapted  to  a multitude  of  tasks  with  minimum  dis- 
turbance to  existing  institutions  and  methods. 

This  is  a powerful  message,  but  we  haven't  done  a good  job  of  conveying  it 
to  the  people  who  authorize  our  programs  and  approve  our  budgets.  The  diversity 
of  our  interests  has  provided  us  with  a very  broad  base  of  ^chnology,  but  it 
also  diffused  and  weakened  our  influence  in  Congress,  the  Oip,  and  other  govern 
ments  and  administrative  bodies  at  every  level.  Perhaps  it  s time  to  speak  with 
a single  and  influential  voice  for  the  interest  of  the  whole  space  applications 
community.  This  is  what  the  Space  Science  Board  has  done  for  the  cause  “ 

applied  sciences  and  with  notable  success.  Perhaps  their  job  is  easier.  The 
constituency  for  the  large  Space  Science  project  is  normally  well  defined  and 
can  be  articulated  by  a few  eminent  individuals , 
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But  if  our  problem  is  more  difficult,  that  is  not  an  excuse  for  not  trying. 

We  cannot  assume  that  there  is  someone  out  there  taking  care  of  us.  1 wonder 
how  many  professional  and  user  organizations  and  societies  are  represented  by 
this  audience?  If  each  of  those  could  speak  with  a single  strong  voice,  then 
perhaps  it  would  be  easier  for  a group  such  as  the  Space  Application  Board  to 
focus  our  interest.  Certainly  our  community  has  the  talent  and  dedication  to 
create  the  necessary  organizations  and  make  them  effective  vehicles  for  our 
purpose.  If  we  want  our  programs  to  realize  their  full  potential,  we  must  learn 
to  integrate  our  advocacy  as  well  as  our  technology. 

When  we  first  looked  at  those  Gemini  photographs,  there  was  very  little 
civil  remote  sensing  technology,  no  resource-oriented  program,  and  no  funding. 

All  we  had  were  a few  people  with  the  imagination  to  see  a promise  that  remote 
sensing  could  be  a whole  new  branch  of  science.  We  knew  what  our  first  task 
was  to  demonstrate  and  validate  our  concept.  We  did  it  so  convincingly  that 
today  we  have  a program,  we  have  a recognized  body  of  technology,  we  have  fund- 
ing, and  we  have  a promise  that  remote  sensing  can  be  the  most  important 
achievement  of  the  Space  Age. 

The  fulfilment  of  that  promise  now  depends  on  whether  we  can  recognize  our 
next  task--the  integration  of  our  disciplines  and  the  concentration  of  our 
resources  on  the  remaining  barriers  to  fully  operational  systems. 

The  drive  and  dedication  that  has  brought  us  this  far  came  almost  exclusively 
from  within,  beginning  with  a few  individuals  and  creating  a whole  community 
of  enthusiasm  and  interest.  You  are  that  community.  We  can  make  remote  sensing 
realize  its  potential  if  we  show  the  same  spirit  in  the  next  few  crucial  years. 

It  is  up  to  us,  just  as  it  always  has  been.  This  makes  me,  as  I have  always 
been,  fully  confident  about  the  outcome. 
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SENSING  THE  EARTH'S  ENVIRONMENT  FROM  SPACE: 

USER  NEEDS  AND  TECHNOLOGY  OPPORTUNITIES 

Robert  G.  Nagler 

Jet  Propulsion  Laboratory 
Pasadena,  California 

ABSTRACT 

The  economic  and  social  value  of  monitoring  the 
environment  of  earth  from  space  has  become  be  ter  undei- 
in  the  last  few  years.  Demonstrations  of  the  value 

.ad  alUla.lloa,  op.r.lloa.  •“‘“"“y 
nf  Insq  of  life  or  property  are  a continuing  effort  by  tne 
OfHce  of  ApplicaHons  of  "^he  National  Aeronautics  and  Space 
rirnTnistraHon  and  its  supporting  centers . 
effort  has  been  expended  working  in  ^ 

universities,  and  the  operational  government  agencies  to 

identify  specific  measurement  and  data  needs  for  this 
monUoring  process.  The  results  of  a number  of  these 
studies  are  coalesced  and  generalized  here. 
are  made  with  existing  sensor  capabilities 
trends  in  the  supporting 

iv,  wVlirh  there  is  a arge  gap  between  the  efforts  unaerway 
and  the  nfed’^Le  identif  iel.  %he  problems  in  narrowing 
these  gaps  are  briefly  discussed. 

1.  INTRODUCTION 

Ou.  .bUUy  to  cry  ». 

applications  is  limited  by  p oJect  was  evolved  into  a relatively  cost  effective 

A number  of  years  ago  the  SEASAT- A J tj-e  use  of  available  and,  in  many 

mission  (low  cost  per  capability  carrie  ) y gtem^s  and  satellite  were  all  evaluated  in 

cases,  space  qualified  systems.  _ Sensors,  data  sy  ^ success  of  this  approach, 

relationship  to  minimizing  f Appltations  at  NASA  Headquarters  requested  that 

the  Special  Programs  Office  of  the  „ur  present  status  in  user  meas- 

the  Jet  Propulsion  Laboratory  undertake  an  effort  to  asses  system  capabilities,  and 

urement  needs,  space  and  aircraft  of  the  Office  of  Aero- 

sateliite  support  capabilities.  The  Study.  Ana  ys is  ^ consideration  of  a broader 

nautics  and  Space  Technology  le^-lopment  needs.  These  assess- 

array  of  sensor  types  and  a sensitivity  to  S ® ^ ps,.<.«ection  of  the  trends  in  the  technol- 

merits  were  to  include  a catalog  of  existing  p ^ like'*  design  guides  which  allow  quick 

^gy  4rch  limit  the  capability  and  simplified  ® measurement  need 

deL^mination  of  the  relative  difficulty  of  acco^^^^^^^^  but  preliminary 

or  set  of  measurement  needs,  asses sments^arem^^^  P ^ This  report 

C.p.MlUy  Handbook"  wblch  .v.ln...s  .ho  n...ob  b.two.n 

user  needs  and  sensor  capabilities. 

2.  measurement  needs 

o needs  for  environmental  monitoring 

Establishing  a comprehensive  list  of  ^asur  continuing  personal 

applications  turns  out  to  be  a,  relative  y P aided  us  in  understanding  the  process  by 
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exist  in  assessing  reported  needs  due  to  the  following  syndromes.  Syndrome  1:  An  inability 
to  separate  tomorrow's  need  from  today's  problem.  Typically  this  takes  the  form  of  limiting 
the  horizontal  or  vertical  resolutions  requested  to  the  computational  capability  available  rather 
than  to  the  phenomenological  sizes  of  interest.  It  also  might  take  the  form  of  specifying  the 
capability  for  a sen.sor  system  in  which  the  user  is  participating  in  the  development.  Syn- 
drome 2:  An  inability  to  separate  needs  from  a personal  assessment  of  what  capability  is 
available.  In  this  syndrome  users  omit  needs  in  areas  which  have  been  traditionally  unmeas- 
ureable  from  space;  or  they  specify  their  needs  relative  to  a specific  capability  under  flight 
development.  This  second  direction  is  taken  due  to  fear  that  in  revealing  a more  difficult 
need  they  may  slow  down  the  inertia  in  the  present  technology  step. 

We  have  supplemented  our  own  individual  interactions  with  a broad  user  community  with 
a wide  range  of  published  or  semipublished  assessments  developed  by  other  agencies.  A list 
of  some  of  the  better  or  at  least  more  recent  assessments  is  included  as  references  S through 
8.  Reference  5 is  an  official  NOAA  assessment  of  ocean  oriented  measurement  needs  for  a 
wide  range  of  application  and  science  subdisciplines.  Reference  6 is  s combined  assessment 
of  ice  measurement  needs  from  personnel  from  the  USGS  (Geological  Survey),  CRREL  (Army 
Cold  Regions  Research  and  Engineering  Laboratory),  the  Canadian  Department  of  the  Environ- 
ment and  NASA.  Reference  7 is  a NASA  compilation  of  user  justifications  for  Landsat  D. 
Reference  8 is  a comprehensive  assessment  of  detail  earth  resource  measurement  needs 
carried  out  for  NASA  by  General  Electric  Company.  A recent  NASA  Climate  Task  Force  led 
by  NASA  Goddard  Space  Flight  Center  provides  an  important  additional  reference.  This 
NASA  climate  plan  is  still  in  draft  form  but  contains  a broad  view  of  climate  measurement 
needs  based  on  broad  science  community  participation. 

For  convenience  the  user  needs  identified  in  this  effort  have  been  divided  into  four  areas  — 
air  or  atmosphere,  sea  or  hydrosphere,  ice  or  cryosphere,  and  land  or  terresphere.  There 
is  much  parallelism  in  the  classes  of  benefits  of  interest  in  each  sTea  and  in  the  types  of  meas- 
urements in  each  area  necessary  to  attempt  attainment  of  these  benefits.  The  major  user  sub- 
communities which  benefit  from  measurements  in  the  four  areas  are  delineated  in  Table  I. 
Climate,  Pollution,  Search  and  Rescue,  and  part  of  Research  are  extremely  interconnected 
between  the  four  areas,  both  in  physics  and  in  funding.  The  other  benefit  areas  tend  to  have 
specialized  communities  in  each  area  although  the  need  for  greater  cross  understanding  is 
becoming  more  and  more  recognized.  Each  of  the  four  areas  also  has  a parallelism  in  the 
measurements  needed  in  that  there  is  also  an  equivalence  or  similarity  in  the  techniques  used 
to  measure  thermal  related  properties,  convective  motions,  water  cycle  processes,  compo- 
sition, biological  processes,  and  human  activities. 

The  measurement  needs  identified  in  this  effort  are  compared  against  the  sensor  types 
applicable  to  some  form  of  inference  relative  to  these  needs  and  to  our  understanding  of  the 
funded  space  capabilities  relative  to  these  needs  in  Tables  II,  III,  IV  and  V — for  atmosphere, 
ocean,  cryosphere  and  land  areas,  respectively.  Measurements  are  divided  as  suggested 
before,  into  those  involved  with  radiative,  convective  or  phase  change  processes  in  energy 
exchange  or  into  those  involved  with  composition  determinations  and  with  biological  and  human 
processes.  The  measurement  needs  shown  were  accumulated  from  the  references  stated 
earlier  plus  an  array  Of  other  reports  and  personal  communications  too  lengthy  to  cover  here. 
The  numbers  represent  an  assessment  of  the  measurement  sensitivities  which  allow  differenti- 
ation of  the  phenomena  of  interest.  Both  the  goal  for  sensitivity  and  the  value  that  provides 
utility  to  at  least  one  user  subcommunity  are  given.  In  general,  the  best  capabilities  and  the 
minimum  useful  capabilities  tend  to  go  together  but  it  is  not  universally  true.  Climate  users, 
for  instance,  tend  to  desire  small  relative  accuracy  differentiations  for  parameters  of  interest 
but  averaging  over  the  largest  areas  and  longest  time  cycles  deemed  useful.  Accuracy  is  use 
to  denote  an  absolute  value  relative  to  an  often  unknown  or  dubious  in  situ  measurement  stan- 
dard. The  ocean  temperature  standard,  for  instance,  is  a thermometer  dropped  over  the  side 
of  an  often  moving  ship.  Horizontal  and  vertical  resolution  is  the  resolvable  footprint  neces,* 
sary  to  differentiate  the  spacial  dimensions  of  the  environmental  phenomena.  Temporal  >, 
repeat  attempts  to  estimate  the  perishability  of  the  environment  phenomena  of  interest. 

Part  two  of  Tables  II,  III,  IV  and  V addresses  the  sensing  systems  which  have  been 
theoretically  or  experimentally  identified  as  able  to  provide  measurements  which  can  be  used 
to  infer  all  or  part  of  the  parameter  of  interest.  For  instance,  te.iiiperature  (passive  infrareri), 
color  (passive  visible,  and  surface  roughness  variations  (active  microwave)  can  all  be  used 
to  infer  current  boundaries.  Current  velocity  though  is  inferred  through  measurement  of  the/! 
size  of  ocean  surface  bulges  due  to  Coreolis  effects  on  moving  water  systems.  The  specific// 
phenomena  actually  measured  in  order  to  infer  the  environmental  parameters  of  interest  are 
discussed  in  Reference  2.  For  perspective.  Table  VI  has  beenprovided  to  illustrate  the  path 
tnat  there  are  also  families  of  measurement  emphases  within  eitch  spectral  regime.  Each  of 
these  families  has  a particular  sat  of  sensitivities  and  r-esolutians  and  a spectra  plurality 
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functional  differences  are  discussed  in 

discussion.  ® erences  is  assumed  in  much  of  the  following 

the  presL‘a7funL?sirce^seSor^  understanding. of  the  expectations  in 

quoted  in  the  program  documeXion^  thosL 

the  quoted  energy  precisions  do  not  annea  f there  ai o a few  changes  or  omissions.  Some  of 
ation  is  possiblf  in  that  column.  The^ecUve 

accuracies  apply.  Typically  this  is  of  the  order  of  ±30°  from  ^ quoted 

mng  sensors  in  low  earth  orbit.  Beyond  those  an al e « a t-m  u 

distort  the  signal  in  ways  that  are  difficult  to  back  out  of  the’Wna7°  surface  phenomena 
any  wider  swaths  since  ±30°  is  also  coTncidentall^^  gained  from 

that  class  of  orbits.  Many  capabilities  are  unsoecifreH  ^ o^hit  to  orbit  spacing  for 

first  class  has  some  conceptuM  development  bu^  litHe^or  classes.  The 

class  may  be  demonstrated  or  may  be  only  partiallv  ideni'r  efforts.  The  second 

space  development  phase  has  not  b^een  undL^tlken^^^Th  aircraft  flights  but  the 

measurement  voidslnd  are  discus^^d  Tn  SfnS";ecior 

measurements  which  are  considered  part  of  LZoZk  Z'  omission  is 

but  which  had  inconsistent  values  for  expected  values  or  ° space  sensor  system 

of  reasonable  expectations  until  actual  r*  • were  too  unlcnown  to  allow  estimation 

quoted  values  are  real  Hn  to  s last  cLe^  experience  is  obtained.  Actually  ma,,  of  the 
place  until  launch.  ^ category  since  capability  demonstration  will  not  take 


Identified  from  Tables  II,  in,  IV  and  V are  listed  in  Sblf  VII  ThT^""  voids 

ice  and  land  - are  retained  seoaratelv  Tr,  fable  VII.  The  four  areas  - air,  sea, 

microwave)  tests  which  indicato  that  precipitation  raLs^lnd  nvLv’'ob®  (active 

can  be  accomplished  remotely.  There  is  a welv  location/identification 

SEASAT-A  can  be  used  to  trs^this  feas  bimrh  sensors  on 

those  sensors.  A number  of  ideas  exts  fori  m planning.for 

urements  but  investment  is  limited  Surfar^  more  optimum  implementation  of  these  meas- 
urements are  somewhafrelaS in  thafsoS^^^^  visibility  meas- 

bility  of  success.  A passive  vrsible  iir^^^^  sounuing  has  the  best  possi- 

under  development  for  shuttle  imni«w  m#.  #-•  » Microwave  sounding  sensor  presently 

tion.  This  isTspec\auftoue  f°r  supplying  tEis  infotLa- 

the  addition  of  several  extra  channels  Anr-  vertical  resolution  can  be  obtained  by  z 

the  pressure/density  profile  measurement  his  bell^Itodtod'^to  also  have  promise.  In  fact, 
and  proposals  for  a multiple  channel  active  microwall  system  IT® 

microwave  and  active  infrared  implementatiTralTTnll  T ^^®/\P^°=ess.  Other  active 
atmospheric  motions  are  potentially  toferable^^^^  feasible  but  need  work.  Vertical 

path  distortions.  Ducts  as  small  as  tT  of  m i monitoring  and  from  signal 

done  to  develop  this  baL!  interest,  but  little  has  been 

infrared  laser  out]IiitoI°  Som^TelimtolT  testo  b^  from  Raman  backscatter  of 

but  interpretation  is  difficult.  ^Estuary  arid  coastal  initiated 

and  with  color  but  velocity,  though  imllrtant  =s  identified  therm, '>lly 

situ  measurements  with  data  relay  but  the  im'nnrt  ® mossed.  Perhaps  we  are  limited  tc/' in 

bilities.  Direct  measures  of  ocean  evap^ra  STaT®,  “°J®  ^^u^y  of  remote  po^^si- 

the  combination  of  sea  surface  temnerahiro  I f ^ ^-PPenr  feasible  from  space  b|t 

could  be  used  to  calculate  sT!i  aTate  T ’ humidity  profile' 

formations  on  the  ocTaTottomllpT;  towTeTp^mpS^'^StTf;^^^  glolo^Ial 

have  some  application  but  horizontal  resoluTn  rTifTK  ‘ measurements 

from  space.  Salinity  measurement  polLtoiliTs  r k°  .“^®^’^^“er  than  is  obtainable 
region  of  the  microwave  and  through  sin  glittol  mlll  identified  in  the  1.4  GHz  (L-band) 

Although  an  L-band  radiometer  wTfioTT  ef  “®a_sur ements  within  the  visible  regime, 
problems  exist  in  validating  the  salinitv  it  was  only  partially  successful.  Major 

10  meter)  scanning  (at  least  ±30  degrees  crnllT  ^ T large  (greater  than 

velocities  from  space  are  not  availfble  • Direct  measures  of  current 

surface  due  to  coLolis  forces  on  moing  ^vstems  Th  in  the  ocean 

measuring  the  Gulf  Stream  bulge  but  an  entirely  ne^T^TiqrL'g^fbTntlin  r'l^MtSTs 
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consistent  with  allowing  ships  to  ride  oi-  avoid  all  the  currents  in  the  world  are  to  be  imple- 
mented. Location  and  sizing  of  special  high-hazard  ocean  waves  like  tsunamis  and  freak 
waves  are  important  goals  but  little  real  work  has  been  accomplished  on  space  measurement. 
Tsunamis  are  fast  moving  waves  generated  from  sudden  ocean  bottom  shifts  due  to  earth- 
quakes A meter  height  wave  in  the  open  ocean  can  be  translated  into  many  meters  of  height 
when  it  reaches  a shore.  The  SEASAT-A  altimeter  could  provide  a fortuitous  measure  of 
tsunamis  but  some  less  random  technique  is  needed.  Freak  waves  are  sudden  drops  in  the 
ocean  surface  that  may  be  100  meters  or  more  in  depth.  They  occur  off  the  coast  of  France, 
along  the  coast  of  Africa  near  Madagascar  and  many  other  places  in  the  world  where  there 
is  a reputation  4'jr  sudden  mysterious  disappearance  of  ships.  ResearcH  may  produce  a good 
understanding  oLthe  combination  of  wind,  wave  and  current  conditions  which  make  their  occur- 
rence probable,  but  some  direct  measure  could  have  considerably  more  effect  on  reducing 
present  yearly  losses.  Coastal  depths  and  shoreline /shoal  movements  are  important  to  many 
coastal  industries!.  Some  depth  inference  is  possible  from  blue/green  radiometry  and  from  . 
wave  structure  modulations  in  microwave  images,  but  quantification  is  extremely  complex. 
Laser  systems  have  some  promise  from  space  but  need  considerable  development.  Turbidity 
and  nutrier^t  availability  studies  have  been  carried  out  with  colorimetry  but  again  interpreta- 
tion is  difficult.  Space  colorimeters  like  the  coastal  zone  color  seamier  are  not  expected  to 
solve  thih  problem,  although  fortuitous  correlations  in  some  local  regions  will  probably  be 
made.  A new  or  improved  technique  is  needed.  Active  laser  systems  again  may  be  good  for 
this  but  local  variations  may  make  the  choice  of  a universally- applicable  wavelength  impossi- 
ble, Fish  and  mamm.al  location  from  space  is  valuable  for  yield  management  and  conservation. 
Some  effort  has  been  spent  investigating  fish  oil  residues  on  the  surface  and  the  surface  wave 
modulation  effects  due  to  large  schools  of  top  feeding  fish  but  these  are  inconclusive  and  only 
partial  solutions  to  a limited  subset  of  a larger  problem. 

Ice  temperatures  in  depth  and  ice  sublimination  rate  measures  have  the  same  problems 
of  accomplishment  as  ocean  temperature  in  depth  and  ocean  evaporation  rates.  Again  indirect 
measures  might  be  possible  but  little  effort  has  expended  developing  time.  The  thickness  and 
top  and  bottom  roughness  of  ice  and  snow  are  important  to  glaceology  and  hydrology.  Prelim- 
inary aircraft  studies  have  shown  that  1 to  3 GHz  altimetry  gives  a strong  second  surface  sig- 
nal if  the  ice  does  not  contain  much  salt  and  the  range  of  surface  roughness  is  not  too  great. 
Improved  technique  and  space  application  is  needed. 

Land  temperatures  in  depth  are  needed  but  no  space  deployable  technique  is  presently 
available.  Evaporation  rates  are  similarly  possible  from  surface/air  temperature  differences, 
air  humidity  profiles,  and  an  understanding  of  the  surface  moisture  content  relative  to  micro- 
roughness effects  on  moisture  release  but  there  are  a number  of  missing  understandings  in 
that  chain.  Topsoil  transport  and  crustal  bulges  or  shifts  may  be  obtainable  from  altimetry 
but  the  sensitivites  needed  (cm)  are  limited  by  the  masking  effect  of  large  surface  roughness 
variations  in  the  signal  footprint.  Some  new  thinking  is  needed.  Lake  and  reservoir  depth 
measurements  have  similar  problems  although  aircraft  L-band  efforts  have  shov'n  some 
promise.  Soil  moisture  measurement  is  certainly  an  area  to  which  great  attention  has  been 
given.  Although  several  space  concepts  have  been  proposed,  it  is  m.y  opinion  that  they  have 
little  change  of  providing  a good  base  for  understanding  and  considerable  technique  develop- 
ment on  earth  based  and  aircraft  based  systems  is  warrp.nted.  Gravity  field  measurements 
may  be  one  technique  of  inferring  magma  convection.  Some  gravity  field  inference  can  be 
taken  from  altimetry  measures  of  the  mean  ocean  surface  position.  High  harmonics  are 
needed  though  and  so  far  only  gravity  gradiometry  has  been  posed  as  a solution.  Space 
deployed  extrapolations  from  aircraft  gradiometry  show  extremely  difficult  technical  problems 
in  implementing  large  (5m)  moving  low-torque  systems. 

Measurement  gaps,  on  the  other  hand,  are  related  to  the  never  ending  quest  for  more 
sensitivity  to  transferred  energy,  to  more  spectral  sensitivity  or  a wider  range  of  spectral 
regimes  with  measurement  capability  and  to  finer  spacial  or  temporal  resolution.  Such 
improvement  in  capability  is  limited  by  technology.  Figure  1 shows  the  problem  in  a general 
sense.  The  major  sensor  subelements  are  the  transmitter  (if  active),  the  collector,  and  the 
detector.  Science  determines  the  ground  resolution,  signal  sensitivity  and  spectral  band 
width  and  regime  necessary  for  differentiation.  Curves  of  the  type  shown  in  Figure  1 can 
then  be  used  to  translate  those  science  requirements  into  engineering  limits  like  power 
required,  aperture  size,  and  detector  character  . Technology  growth  overlays  help  under- 
standing of  when  the  needed  technologies  might  be  available.  Figures  of  this  type  including 
many  more  limiting  parameters,  notations  of  actual  capabilities  and  Outlook  for  Space'-!-'  projec- 
tions are  included  in  Reference  2.  These  will  not  be  included  here  but  samples  of  the  kind  of 
figures  are  displayed  in  tne  next  section. 
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4.  SENSOR  PERFORMANCE  TRENDS 

In  this  section  an  attempt  will  be  made  to  point  out  what's  flying,  what's  in  development, 
and  what's  needed  in  terms  of  specific  capability  from  sensor  components.  The  form  that 
these  developments  are  taking  will  be  discussed  by  other  authors  in  this  session.  Only  four 
sensor  areas  will  be  covered  here:  Active  and  passive  microwave  and  active  and  passive 
visible  and  infrared.  Other  spectrum  regimes  are  discussed  in  Reference  2 but  they  have 
relatively  smaller  direct  application  to  earth  resources  investigations. 

A summary  of  the  passive  microwave  radiometer  capability  status  is  shown  in  Table  Vni. 
Frequency  range  extension  is  important  in  that  history  has  always  shown  the  discovery  of  new 
sensitivities  to  previously  unmeasurable  phenomena  during  explorations  into  unexplored  areas. 
In  order  to  identify  these  sensitivities  and  optimize  their  selection,  frequency  scanning  and 
control  of  narrower  bandwidths  are  always  needed.  The  discrepancy  in  the  detector  frequency 
suggested  as  in  development  is  a component  as  contrasted  to  system  difference.  The  lower 
detector  noise  progression  shown  is  well  understood  but  new  developments  are  needed  beyond 
those  shown  which  eliminate  the  need  for  cryogenic  cooling.  Antenna  development  trends  are 
illustrated  in  Figure  2.  Mechanical  scanning  techniques  are  usually  momentum  listed.  The 
sizes  and  scans  shown  appear  to  be  reasonable  practical  limits.  The  reason  that  these 
mechanical  scans  are  not  just  dropped  for  the  phased  array  system  is  the  present  inadequacy 
in  the  obtainable  radiometric  noise  sensitivity  of  the  phased  array.  This  needs  work. 

A suinmary  of  the  active  microwave  radiometer  capability  status  is  shown  in  Table  IX. 
Transmitter  frequency  choices  are  limited  to  those  available  for  space  deployment  by  inter- 
national agreement.  Transmitter  power  limits  are  less  related  to  frequency  or  power  magni- 
tude capability  than  to  transmitter  life.  Traveling  wave  tube  (TWT)  amplifiers  of  reasonable 
power  level,  by  their  present  nature,  wear  out  much  too  rapidly  and  seldom  perform  in  space 
sensors  for  more  than  a year  of  operating  time.  Solid  state  amplifiers  are  developing  but 
only  in  L-band  or  lower  frequencies  are  the  power  levels  sufficient  for  space  application. 
Nanosecond  pulse  capability  in  space  is  tied  to  the  transmitter  since  as  pulse  length  goes  down 
the  emitted  peak  power  has  to  go  up  to  retain  a similar  signal  to  noise  ratio.  Collector  and 
emitter  developments  are  primarily  related  to  size  and  scan.  Imaging  radar  demands  to  100 
to  200  m phased  arrays  are  the  most  demanding  trend.  Scanning,  squinting,  and  multiple- 
antenna  multiple-frequency  implementations  make  for  antenna  forms  of  horrifying  complexity. 
Figure  3 shows  some  of  the  illumination  possibilities  from  discussions  in  Reference  2.  Detec- 
tor developments  are  related  to  the  microwave  radiometers.  The  major  data  processing  sup- 
port problem  is  keyed  to  the  fine  resolution  potential  of  the  synthetic  aperture  imaging  radars. 
Data  rates  in  the  2 to  6 gigabit  per  second  range  and  real  time  information  extraction  from 
such  rates  are  challenges  of  our  times. 

A summary  of  the  passive  visible  and  infrared  radiometers  capability  status  is  provided 
in  Table  X.  Extensions  to  the  millimetei"  regime  of  the  far  infrared  and  improvements  in  the 
spectral  resolving  power  are  needed  to  allow  an  improved  array  of  absorption  bands  for  atmos- 
pheric and  compositional  sounders.  The  development  of  a 25  1cm  surface  resolution  space 
spectrometer  to  allow  simultaneous  measurement  of  a large  array  of  spectral  bands  is  very 
important  for  atmospheric  sounding,  A number  of  techniques  appear  promising  including 
extrapolation  of  standard  tecluiiques  for  spectral  separation,  use  of  laser  heterodyning,  and 
use  of  solid  state  arrays  shows  some  promise  for  finer  resolution  and  more  channels,  cryo- 
genic temperatures  and  in  the  control  of  sensor  noise.  The  finer  resolution  feature  imagers 
have  the  same  potential  for  gigabit  per  second  telemetry  rates  discussed  in  relation  to  the 
synthetic  aperture  radar, 

A summary  of  the  active  visible  and  infrared  sensor  capability  status  is  shown  in  Table  XI. 
Recent  work  implies  that  the  range  of  lasing  devices  can  be  extended  from  the  millimeter 
range  to  the  x-ray  range.  The  millimeter  range  laser  might  be  particularly  interesting  if  the 
present  radar  efforts  produce  a comparable  device  at  the  same  frequency.  Transmitter  power 
demands  provide  the  limit  for  space  application.  Collector  developments  are  generally 
shadowed  by  the  power  demand.  Absorption  coefficient  detectabilities  from  standard  tech- 
niques are  similar  to  that  shown  as  flying.  The  in- development  figure  for  detectability  is 
related  to  laser  heterodyne  techniques.  New  capability  is  needed  to  obtain  the  needed  values. 
Continuous  wave  laser  systems  are  relatively  new  and  appear  to  have  tremendous  potential 
in  the  atmospheric  composition  arena. 


5.  POST  MORTUM 

This  discussion  of  user  needs  and  measurement  trends  has  been  necessarily  abbreviated 
and  is  offered  as  a stimulus  rather  than  an  end.  The  NASA  Space  Applications  Programs  are 


dynamic  entities  meant  to  serve  the  industrial,  agency,  and  scientific  communities.  JPL  has 
been  blessed  with  an  active  role  in  helping  NASA  Headquarters  with  its  responsibility  to  aid 
the  user  community  in  applying  new  technology  to  age  old  earth  problems.  We  welcome  inter- 
faces with  any  of  you  who  have  ideas  on  how  some  of  the  problems  I have  posed  might  be 
solved. 
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5/500km 

ID^S 
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— 
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* ♦ 

i SAGE 

0.001  sun 
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0.1km  Uri  ' 
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0.003w/m^$tr 
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— 
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■( 
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- 
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1 
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TABLE  III.  COMARISON  OF  OCEAN  MEASUREMENT  NEEDS  AND  FUNDED  CAPABILITIES 


DifrerenHoflon  SenjjrtvitiM  Needed  (GooI/MJnImurr  Useful) 


Applicable  Sensors 


Furxied  Spoee  Copobili^)r 


Measurement 

Accurocy 

Meosurement 

Precision 

Vertical 

Resolution 

Horizontal 

Resolution 

Microwave  | 

Infrared  ( 

Repeat 

Active 

Passive 

Active 

Passive 

Environmental  Parometer  | 

Tbermol  Balance 

■ 

Sea  Surface  Temperature''GloboI 

0.2/l°C 

0.1/0.25OC 

" 

50/500  km 

3 hr/4  days 

Sea  Surfoce  Temperature-Local 

0.5/loC 

0.I/0.5»C 

- 

0.25/25km 

3 hr/4  doys 

• 

Oceon  Temperoture  In  Depth 

0.2/2»C 

0.1/loC 

2/10  m 

10/1  OOkm 

12  hr/5  doys 

* 

Ocean  Albedo 

o.Vi% 

0.2/1% 

- 

25/500km 

3hr/50doys 

* 

* 

Ocean  Heot  Flux 

0^5/4  w/m^ 

0.25/4  w/pi^ 

“ 

25/500km 

3 hr/50days 

* 

Evaporation  Rote 

O.S/2  mm/deg 

0.5/2  mrr/deg 

__ 

25/500km 

3 hr/4  doys 

Convective  Bolonce 

Wind  Sheor 

0.1/D.3dyne/cm^ 

0. 1/0.3  dyne/cm^ 

- 

5/200  km 

3/12  hr 

•» 

Gravity  Woves-Helght 

0.3/0. 7morl0% 

0.3/0,7morl0% 

0.3/0. 7mcr  10% 

t/lOOkm 

3/12  hr 

** 

Gravity  Woves-Length 

5/15%,  10/45° 

5/15%,5/50° 

1/lOOkm 

3/12  hr 

■** 

Wind-Surge/Surface-Transport 

l/lOcm.O.yicm/i 

l/i0cm,0.2/lcnT/s 

1/10  cm 

500m/100krrj 

! 3/1  month 

** 

* 

(^swelling  Locatfor^/Exfent 

: lOOm/lOhm 

lOOm/10  km 

- '■ 

lOOm/10  km 

•• 

* 

Oceon  Current-Velocity 

2/50  cn^/t 

l/5en/$ 

" 

500rr/l0  km 

3 hr/1  month 

" 

''  ' 

Oceon  Currsnt-Exlent/DIfsctlon 

500m/10l(m,ll)° 

500q/IOk'",S/'0°  ; 

500m/10km 

3Kr/5days 

** 

Eftuory  Orculctlon- 

1/5  crr/i,  10® 

1/5  cm/s,  vio°  : 

— 

10£Jjr/I  km 

3 hr/I  doy 

*• 

VeloCity/Direetlon 

1 

Fresh  V/ater  Influx-Extent/Direction 

500ri/10km,10° 

500m/10km,5/10° 

“ 

SOOm/lOkm 

12h4/50doys 

* 

* 

Sediment  Trcmport-Extent/birectlon 

llWllim,10° 

10m/lkm,5/lCP 

- 

lOm/l  km 

3 hr/5  days 

Iceberg  Lseetion/SIzIng 

5/25m 

5/25m 

" 

0.5/2  km 

12/24  hr 

•* 

Astronemfcel  Tides 

1/10  cit» 

1/10  cm 

1/10  cm 

500m/100km 

3/6  hr 

** 

Coostal  Depth 

IScrr/lOm 

lSc!ti/10m 

15crr/10m 

1/30  days 

* 

• 

’ 

Shoal/Shorelir.e  ^Movements 

7/25m 

1/1  Ob 

- 

1/1  Om 

1/?  doys 

• 

Marine  Geold 

1/lOcm 

1/10  cm 

1/10  cm 

500m/l0Qkm 

3/6  hr 

*• 

* 

Biological  Bolonce 

Surfoce  SoHrity 

0.01/1  ppt 

0.005/1  pp^t 

— 

1/200  km 

lJhr/30da/s 

Turbidity 

0.01 

0.01 

lOOm/1  km 

6/12  hr 

- 

* 

Nutrient  Avoilobility 

" 

lOOm/1 km 

12hr/5dQys 

Chlorcphy!  Exfent/Concentrotlon 

0.3pg/{orl0% 

0.3pg/lorl0% 

" 

lOOm/1  km 

12  hr/3  days 

Vegetation  Extent/Type 

- 

lOOm/lkm 

l2hr/ 

Disease  Vectorsfe.g.  Red  Tide,  etc.) 

- 

lOOm/lkm 

12hr/ 
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— 
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““ 
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" 

j 
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— 

30m/2km 

j 3./12  hr 

- 

i — 
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f 

Satellite  ; 
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Spectra! 
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Verticol 

Resolution 
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lution 

Effec- 

tive 

Swoth 
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0.5®C 

5 w 

- 

121  km 

638  km 

Air 

#eother 
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10  km 
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Clear 
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— 
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- 

- 
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1% 
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-- 
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_ 
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** 
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so  km 
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2-12km 

Nadir 

SEASAT-A 
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L-Bond 

- 
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100  km 

SEASAT-A 

10  cm 
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- 

2-1 2 km 

Nodir 

SEASAT-A 

25  m 

L-Bond 

- J 

2l5m  ;'j 

100  km 

SEASAT-A 

TO  cm  bulge 
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- 

2-1 2 km 

Nodir 

SEASAT-A 

25m 
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25m 

too  km 

- 

“ 

“ 

— 

— 
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— 
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— 

825m 

1500  km 
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0.4% 

Yellow 

- 

S2Sm 

1500km 

SEASAT-A 

25m 

L-Bond 

- 

25m 

100  krrv 

SEASAT-A 

10  cm 
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10  cm 

2-12km 

Nodir 

— 
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— 
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10  cm 
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10  cm 

2-12km 

Nodir 
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1500km 
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— 

NIMBUS-G 
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0.67  Jim 

— 

825m 

1500  km 
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“ 
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1500km 
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- 

- 
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- 
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TABLE  IV.  COMPARISON  OF 


CRYOSPHERE  MEASUREMENT  NEEDS  AND  FUNDED  CAPABILITIES 


Differentiation  Sensitivities  Needed  (Gool/Minimom-Usel 

Full 

Envlronmenla!  Poromefer 

Measurement 

Accuracy 

Meosurement 

Precision 

Vertical 

Resolution 

Horizontal 

Resolution 

Temooral 

Report 

Thermo!  Bolonce 

Surface  Temperature 

0.5/l°C 

0.1/0.25®C 

-- 

5m/500km  I 

3 hr/4  doys 

Temperoturo  In  Depth 

0.5/l°C 

0.1yA).25°C 

- 

5m/25km 

12hr/30doys 

Surface  Heot  Flux 

0.25/4w/m^ 

0.25/4w/m^ 

2/1  Om 

100m/500kfr 

3hr/30doys 

Surface  Albedo 

0.2/1% 

lOOm/SOOkm 

3hr/50day$ 

Subilrnotlon  Rate 

0.5/2  mtiv^deg 

0.5A™/4'3 

25/500 km 

3 hr/4  doys 

Convective  balance 

Ice/Snow  Extent 

5m/^km,3% 

5rrV^5km,3% 

5m/25km 

12/24  hr 

% Open  Oceon 

3/30% 

1/23% 

0.5/100km  ’ 

12hr/7doys 

5a  Snow  Cover  ! 

5/20% 

2/20% 

Ice/Snew  IMcIcness 

|0cfn/5m 

lQefr/5m 

lOcn^m 

2/SOm 

T2hr/3doys 

lee/Snow  Surface  Roughness 

10ertt/lm 

lOcrVlm 

lOwiy'lm 

1/lOm 

Ice  Drift 

5n/25km 

5n\/25lcm 

” 

5rt/25km 

ice  Deformation 

50/100«i/)'f,0.1?4 

S0/100rt/yr,0.1% 

Age 

L2ffflult 

L2,mult 

- 

VSOkm 

12hr/ldoys 

Bo^  Formotlon  Rote 

Ice  Leoc^Crevasse  Locatlon/SIkIng 

5/lOOm 

5/1  OOm 

- 

5/1 00m 

1/5  hr 

Humon  Impact 

Search  & Rescue 

„ 

I SOrrv'l  km 

3/1 2 hr 

1 Applicoble  Sensors  | 

— 

T 

Visible  and 

Funded  Space  Capability 

1 MJerowove  | 

Infrared 

Energy 

Spectral 

Horizontal 

Verticol 

Effective 

Active 

Passive 

Active 

Passive 

Other 

Sotelllte 

Precision 

Chonnels 

Resolution 

Resolution 

TIROS-N 

0.25°C 

2V,3IR 

10  km 



1500  km 

- 

- 

- 

- 

- 

•• 

NIM8US-G 

1% 

12(0.2-50pm) 

- 

- 

- 1 

.. 

NIMBUS-G 

12{0.2-50pm) 

“ 

“ 

--  j 

- 

- 

— 

“ 

SEASAT-A 

25m 

L-Bond 

2Sm 

100  km 

•• 

i 1 

-• 

SEASAT-A 

25m 

L-Bond 

2Sm  1 

- 

100km 

•* 

• 

SEASAT-A 

25m 

L-Bood 

25rr» 

1 100km  j 



— 

— 

- 

- 

~ 

*• 

SEASAT-A 

25m 

L-Band 

25m 

-- 

100km 

. 

SEASAT-A 

25m 

L-Bend 

25m 

- 

100  km 

.. 

SEASAT-A 

1,2+ yi5 

37  GHz 

21km 

- 

638km 

- 

- 

- 

- 

- 

“ 

j Raloy 

SEASAT-A 

25m 

L-Bond 

25m 

1 

100  km 

TABLE  V.  COMPARISON  OF  LAND  MEASUREMENT  NEEDS  AND  FUNDED  CAPABILITIES 


Environmental  Parameter 

"1 

1 Differentiation  Sensitivities  Needed  (Goal/Minlmutn  L^efu!) 

1 Apptic^Ie  Sensors 

Funded  Spoce  Copobility 

owove 

Visible  and 
fnfrored 

Satellite 

Energy 

Precision 

Spectra* 

Qtonnels 

Horizontal 

Resolution 

1 Vertlco 
1 Reso- 
1 lution 

Effective 

Sworii 

Rernorks 

Meosurement 

Accuracy 

A^eoso'emenf 

Precision 

Vertical 

Resolutior 

Korfzontol 

Resolution 

Tati^xHol 

Repeat 

Met 

Active 

Pcasive 

Active 

Passive 

Other 

Thermal  Balonce 

Surface  Temperature 

0.VI°C 

0.1/0.5°C 

— 

VlOOm 

*• 

LANDSAT-D 

1°C 

IR 

30m 

185km 

Temperoture  In  Depth 

o.Vl°c 

0.1/0.5°C 

lOcm/Im 

2l00m 

_ 

Surfoce  Heot  Flux 

0.25/4  w/m^ 

0.25/4  w/m^ 

_ 

25/50Okm 

NIMBUS-G 

1% 

12(0.2-50pm 

__ 

Surface  Albedo 

0.2/1% 

0.2/V!i 

— 

OVSOOkm 

NIMBUS-G 

\% 

12(0.2-50pm) 

— 

_ 

Evaporotion  Rate 

0.5/2  mrt\/dea 

0.5/2  mn\/deg 

■ — 

2S/500kni 



_ 

Convective  Bolonce 

SEASAT-A 

25n 

L-Bond 

25m 

__ 

100  km 

Crustal  Bulges 

1/10  rm 

1/10-cm 

- 

SEASAT-A 

10cm 

Ke-Bond 

2-12km 

Topsoil  Tronsperi 

— 

Imc/lyr 

• 

_ 



„ 

- 

Volconic  Activity 

- 

lANDSAT-D 

30m 

V&IR 

185km  1 

Thermol  Sources 

0.2°C 

0.2°C 

— 

lO/IOOm 

LANDSAT-D 

30m 

VAIR 

185km 

Mogmo  Convection 

„ 

« 

Grovim- 

__ 



eter 

Wafer  Bolonce 

Loke/lleservoir/Rlver/Extent 

l/25m 

l/25m 

— 

}/25m 

•# 

LANDSAT-D 

30m 

V&IR 

185  km 

Loke/Rcservoir  Depth 

lOcni/lm 

lOcn/Jm 

lOcnv^Jm 

\/25m 

* 

. 

__ 

Wetlands  Extent 

ZAOOm 

2/iOOm 

2/ioori 

• 

- 

LANDSAT-D 

30m 

V&IR 

185  km 

So! ! -Moist  ure/lrrigotl  on 

O.at/O.OScc/cc 

0.01/1.05  cc/cc 

lOny^km 

Shr/tmo 

♦ 

* 



_ 

Mineral  Resources 

Geological  Formation  Mapping 

2/1  OGm 

2/1 00m 

- 

2/IOOm 

lANDSAT-D 

30m 

V&IR 

30m 

Surfoce  Chorocter/Roughness 

2/1 00m 

VlOOm 

— 

2/lOOm 

- 

LANDSAT-D 

30m 

V&IR 

Mineral  Identificstion/Loeation 

2/1 00m 

2/ 00m 

- 

VlQOm 

lANDSAT-D 

30m 

V&IR 

Mnlna/Drilllng  Lsnd  Use 

2/1 00m 

VlOOm 

- 

lANDSAT-D 

30m 

V&IR 

BTofogIcal  Resources 

Acld/Bsse  Bolonce 

— 

* 

UNDSAT-D 

? 

V&IR 

_ 

Chlorof^yl 

— 

* 

lANDSAT-D 

? 

V&IR 

Vegetotioff  exfent/Type/Growth-Status 

2/5% 

2/5% 

— 

2n^5Q0kin 

1/7 

• 

• 

LANDSAT-D 

30m 

V&IR 

Plant  Water  Stress 

- 

lOn/SOOkm 

12)ir/Iwk 

* 

• 

LANDSAT-D 

30m 

V&IR 

Olseose  Vector  Extent 

Z/5% 

2/5% 

- 

lOnV^SOOkm 

1/7  days 

- 

lANDSAT-D 

0 

V&IR 

GraiingAonge-Hord  Effects 

2/5% 

2/5% 

- 

IQm.t^kfn 

l/^doys 

• 

lANDSAT-D 

? 

V&IR 

Humon  fmpoct 

Water  Quality 

? 

7 

5/50m 

- 

LANDSAT-D 

? 

V&IR 

30m 

Itfcon/ftswerAronsport  Land  Ue 

- 

5/SOm 

■* 

• 

LANDSAT-D 

30m 

V&IR 

Scorch  ond  Rescue 

— 

• 

Relay 

_ 



Space  Effects 

1 

Mognetic  Field 

O.Ol/lOOT 

o.oi/iooy 

O.I/B.7*g 

•£ 

1 

Mogne- 

MAGSAT 

tometer 

Trapped  Porticle  Field 

10/lO</m^j 

Monthly 

Particle 

i 

str  kev 

Detifctor 

i 

Grovlty  Held 

0.3/0.1  EU 

0.3/0. 1 EU  j 

— 

— 

Yearly 

Grodiom- 



... 

j 

L 

eter 

1 

original 

op  Poor  ( 


TABLE  VI.  SENSOR  LISTING  BY 
MEASUREMENT  FUNCTION 


SPECTRAL 

REGIME 

ENERGY 

MECHANIZATION 

MEASUREMENT  EMPHASIZED 

MICROWAVE 

PASSIVE 

SURFACE  SCANNING 
ATMOSPHERIC  SOUNDING 

ACTIVE 

ALTIMETRY 

SCAHEROMETRY 

ATMOSPHERIC  WATER  SOUNDING 

ATMOSPHERIC  PRESSURE 
SOUNDING 

fine  RESOLUTION  SURFACE 
IMAGING 

VISIBLE  AND 
INFRARED 

^ PASSIVE 

THERMAL  M.APPING 
ATMOSPHERIC  SOUNDING 
SURFACE  COLORIMETRY 
ATMOSPHERIC  COMPOSITION 

FINE  RESOLUTION  SURFACE 
IMAGING 

ACTIVE 

ALTIMETRY 

SURFACE  COLORIMETRY 
ATMOSPHERIC  SOUNDING 
ATMOSPHERIC  COMPOSITION 

TABLE  VII.  MAJOR  MEASUREMENT 
VOIDS  FROM  SPACE  REMOTE 
SENSING 


CONCEPTUAL  START  ONLY 

PRELIMINARY 
AIRCRAFT  TEST 

SURFACE  AIR  TEMPERATURE 

PRECIPITATION  RATE 

FOG/MIST  VISIBILITY 

FLYING  OBJECT  LOCATION/ 

pressure/density  PROFILE 
VERTICAL  ATMOSPHEP.IC  MOTIONS 

IDENTIFICATION 

OCEAN  TEMPERATURE  IN  DEPTH 

SEA  SURFACE  SALINITY 

EVAPORATION  RATES 

CURRENT  VELOCITIES 

ESTUARY  CIRCULATION 
VELOCITIES 

COASTAL  DEPTHS 

BOTTOM  GEOLOGICAL 
FORMATIONS 

SHORELINE/SHOAL 

MOVEMENTS 

TURBIDITY  AND  NUTRIENT 
AVAILABILITY 

SPECIAL  WAVE  LOCATION/ 

identification 

FISH/MAMMAL  LOCATION/ 
IDENTIFICATION 

ICE  TEMPERATURE  IN  DEPTH 

ICE/SNOW  THICKNESS/ 

SUBLIMATION  RATES 

ROUGHNESS 

LAND  TEMPERATURE  IN  DEPTH 

CRUSTAL  SHIFTS/BULGES 

EVAPOR.\TION  RATES 

SOIL  MOISTURE 

TOPSOIL  TRANSPORT 

LAKE/RESERVOIR  DEPTH 

MAGMA  CONVECTION 

GRAVITY  FIELD 

TABLE  VIII.  SUMMARY  CAPABILITY  STATUS  PASSIVE 
MICROWAVE  RADIOMETER 


FLYING,  1976 

IN  DEVELOPMENT 

NEEDED 

FREQUENCY  DEVELOPMENTS 

range  extensions 

FREQUENCY  SCANNING 
NARROWER  6ANDWIDTHS 

1.4-90  GHz 

(FOR  CH 

30  MHz 

118-184  GHz 
0.6  GHz 

ANNELSaECTlONOPT 

0. 1 MHz 

fo  1000  GHz 
iMIZATIONi 

detector  DEVaOPMENTS 
HIGHER  FREQUENCIES 
LOWER  NOISE 

100  GHz 

SOLID  STATE  LOCAL 
OSCILLATORS 

SCHOTTKY  BARRIER 
DIODES 

300  GHz 

PARA-AMPS 
MIXER  COOLING 
TO  770K 

1000  GHz 
MASERS 

JOSEPHSON  JUNCTIONS 
COOLING  TO  70K 

ANTENNA  DEVELOPMENTS 
SIZE  INCREASES 
SCAN  IMPROVEMENTS 

1 m 

SMMR  SCAN 

4 m 

SIMS  TORUS 

100  m 

ELECTRICALLY  SCANNED 
PHASED  ARRAY 
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TABLE  IX 


SUMMARY  CAPABILITY  STATUS-ACTIVE  MICROWAVE  SENSORS 


DEMONSTRATED  1976 

IN  DEVELOPMENT 

NEEDED 

TRANSMITTER  DEVELOPMENTS 

SHORT  PULSE  (NANOSECOND) 

ALTIMETERS 

13.9  OHs  (K,)  (S/C  t A./CI 

13.9,  35  Gllr  (K  ) (A/C 
ONLY)  ° 

1.2,  3.2,  9.5,  13.9,  35  GHz 
a,  S,  X,  K^,K^HS,'C  &VCI 

2.8  i 10  GHz  (S  & X)  (A/C  ONLY) 

POWER  LEVELS  (5/C) 

2.5  Nw  PEAK  (K^) 

1 T0  5W  PEAK  (AlEf) 

PULSE  LENGTH 

1 m (A/C) 

■,3 

1 ni  (S/C) 

12  nt  (S/C) 

^ / 

LONG  PULSE 

SCATTEROMETERS 

9.4  GH*  (X)  (A/C  ONLY) 

14.6  GHz  (k,)  (5/t) 

1.2,  9,5,  13.5  GHz  (5/C  & VC) 

13.9  GHz  (S/C  i A/C) 

POWER  LEVELS  (S/C) 

40  w PEAK  (Kg) 

lIOw  PEAK  (Kg) 

50  TO  200  w PEAK  (ALL  « 

PULSE  LENGTH 

5/1 

5m.(K,) 

BROAD  RANGE  (ALL  f) 

MEDIUM  PULSE 

SYNTHEl  1C  APERTURE  IMAGING 
RADARS 

0.67,  1.4,  9.6  GHz  (A/C  ONLY) 

1.2,  9.6,  13.9  GHi{S/C 
&A/C) 

1.2,  3.2,  5.3,  9.6,  13.7,  17.0, 
35.0,  52.0  GHz  (S/C  & A/C) 

REAL  APERTURE  IMAGING  RADARS 

9.2  GHt  (A/C  ONLY) 

- 

1.2,  3.2,  9.6,  35.0  GHz  (A'C  ONLY) 

ATMOSPHERIC  & PRESSURE 
SOUNDING  RADAR 

“ 

9.6,  13.9  GPi  (VC  ONLY) 

9.5,  13.9,  17,0,  35.0,  52.0  GHz  (S/C  & A/C) 

SOLID  STATE  TRANSMITTERS 

L-BAND  (A/C  ONLY) 

L-BAND  (S/C) 

AIL  FREQUENCIES  AND  POWER  LEVELS 

POWER  LEVELS  (S/C) 

- 

800  w PEAK  (L) 

1-20  kw  PEAK  (ALL  I) 

PULSE  LENGTH 

GENERAL  - PULSE  CHARACTER 

SQUARE  WAVE,  ANALOG  CHIRP 
FIXED  PRF 

DIGITAL  CHIRP 

DIGITAL  CHIRP 
JITTERED  PRF 

COLLEaOR/EMlTTER  DEVELOPMENTS 

SPACECRAFT  ANTENNAS 

ALTIMETERS 

SIZEAYPE/FREQUENCY 

TO  1.5  m (K^)  PARAflaA 

-- 

1 TO  12  m PARABOUS  OR  ARRAYS  (Kg  TO  U 

CROSS  TRACK  BEAM  STEERING 

NADIR  FIX 

♦10  DEG 

SCAHEROMETER 

SIZE/TYPE/FREQUENCY 

1.5  m PARABOLA 

3 m STICK  ARRAYS 

3-30  STICK  ARRAYS  (K^  TO  L) 

SPECIAL  IMPLEMENTATIONS 

FIXED  PATH 

ORTHOGONAL  FANS 

CENTER  FILL 

ATMOSPHERIC  RADAR 

SIZEAYPE/FREQUENCY 

-- 

- 

3 - 50  m STICK  ARRAYS  (X  TO  V^) 

SCANNING 

HORIZON  TO  HORIZON 

IMAGING  RADAR 

SIZEAYPE/FREQUENCY 

.. 

2 X 12  m PHASED  ARRAY 

PHASED  ARRAYS  TO  100m  (L  TO  V^) 

SCANNING 

STEP  SCANNING  TO  EITHER  SIDE 

EARTH  MOTION 
COMPENSATION 

ANTENNA  STEERING 

SPECIAL  IMPLEMENTATION 

BISTATIC  SAMPLING 
STACKED  RECEIVER  BEAMS 
SQUINTING 

MULTIPLE  FREQUENCY  IMPLEMENTATION 

DETECTOR  DEVELOPMENTS 

FREQUENCY  RANGE,  NOISE  LEVELS 

SEE  TABLE  PM-3,  LIKE  MICROWAVE  RADIOMETERS 

RANGE  FILTERING  SENSITIVITY - 
CLOCK  ACCURACY 

10^^ 

— 

io'= 

DOPPLER  FILTERING  SENSITIVITY- 
? 

? 

? 

? 

DATA  PROCESSING  SUPPORT 

ALTIMETER  RANGE  FEEDBACK 

IN  A/C 

FOR  S/C 

FOR  S,'C 

ATMOSPHERIC  RADAR 

SYNTHETIC  APERTURE 
X BAND  IN  A/C  USING 
OPTICAL  CORRaATION 

— 

REAL  TIMt  DIGITAL  CORRAATION 

SYNTHETIC  APERTURE  RADAR 

REAL  TIME  DIGIAL  & ANALOG 
CORRELATION  FORA/C 
(200  Mb/s,  20MHx) 

RfAl  TIME  DIGITAL 
CORRELATION  FOR 
(120  HlkM 

REAL  TIME  DIGIAL  CORRaATION  FOR  S/C 
(2-6  Gb/*) 

REAL  TIME  INFORMA- 
TION EXTRACTION  FOR 
VC 

REAL  TIME  INFORMATION  EXTRACTION  FOR 
S./C  (V/AVE  SPEaRA,  SHIP/lCEBERG  LOCATION/ 
SIZING,  VEGETATION  COVER  CATEGORIZATION, 
ETC.) 

?{)0U 
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TRANSMITTER 


COILECTOR 


DETECTOR 


FIGUKE  1,  GENERALIZED  SENSOR  DESIGN 


<0.5  m 
SLOW  SCAN 


mechanical  scans 


b.  SMMR 


<2.5  m 
i 10-35° 
CONTIGUOUS 


c.  SIMS  TORUS 


<10  m 

±50° 

CONTIGUOUS 


ELECTRICALLY  SCAN 
d.  PHASED  ARRAY 

■*•  + 4 + 4 

4 ♦ ♦ 4 t ♦ 

+ 4 ♦ 4 ♦ 4 
4 4 + 4 + 4 


-100  m 
*50e 

CONTIGUOUS 


FI- lURE  2.  PASSIVE  MICROWAVE  ANTENNA  SCANNING  TRENDS 


Originai;  page  is 

W POOR  QUALITY 


a.  NARROV/  NADIR  BEAM  OR 
CROSSTRACK  SCANNING 


ALTIMETRY 
BATHYMETRY 
WAVE  HEIGHT  SPECTRA 
ICE/SNOW  THICKNESS/ 
ROUGHNESS 


b. 


MULTIPLE  FAN  BEAMS 
1-4:  +450  CROSSTRACK 
5-6:  ORTHOGONAL  CENTERFILL 
7:  MULTIPLE  INCIDENCE  CALIBRATION 


WIND  SPEED  AND  DIRECTION 


c.  SCANNING  FAN  BEAM  SPINNING 
SPACECRAFT  OR  ANTENNA  MONO 
OR  BISTATIC  REAL  OR  SYNTHETIC 
APERTURE 


PRESSURE/DENSITY  PROFILE 
CLOUD  HEIGHT/EXTENT 
PRECIPITATION  POTENTIAL, 
ACTUAL  AND  VELOCITIES 
HUMIDITY  COLUMN 
PARTICLE  OR  CLOUD 
VELOCITIES 


EITHER 

IMPLEMENTATION 


SNOW  EXTENT 
SOIL  MOISTURE 
SOIL  TYPE 

SURFACE  ROUGHNESS 
VEGETATION  COVER,  TYPE, 
GROWTH  AND  STRESS 


d.  FIXED  IMAGING  FAN  BEAMS 
BOTH  SIDES 
CROSSTRACK  OR  WITH 
FORWARD/BACKWARD  SQUINT 
REAL  OR  SYNTHETIC  APERTURE 


LIMITED 


HIGH  RESOLUTION  IMAGES 
WAVE  SPECTRA 
SHIP,  ICEBERG,  CREVASSE 
LOCATION/SIZING 


e.  BISTATIC  WITH  THINNED  ARRAY 
SEPARATE  SEND  AND  RECEIVE 
ANTENNAS 

EACH  BEAM  CAN  BE  TREATED 
AS  A SYNTHETIC  APERTURE 


10  km 


ALTIMETRY 

BATHYMETRY 

WAVE  SPECTRA  SAMPLING 
WIND  SAMPLING 


FIGURE  3.  SAMPLE  ILLUMINATION  POSSIBILITIES 
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TECHNOLOGY  ADVANCES  IN  ACTIVE  AND  PASSIVE 


MICROWAVE  SENSING  THROUGH  1985 
Frank  T.  Barath 

Jet  Propulsion  Laboratory 
Pasadena,  Ca. 

ABSTRACT 

As  a result  of  a growing  awareness  by 
the  remote  sensing  community  of  the  unique 
capabilities  of  passive  and  active  microwave 
sensors,  these  instruments  are  expected  to 
grow  in  the  next  decade  in  numbers,  versatil- 
ity and  complexity.  The  Nimbus-G  and  Seasat-A 
Scanning  Multichannel  Microwave  Spectrometer 
(SMMR) , the  Seasat-A  radar  altimeter,  scatter- 
ometer  and  synthetic  aperture  radar  represent 
the  first  systematic  attempt  at  exploring  a 
wide  variety  of  applications  utilizing  micro- 
wave  sensing  techniques  and  are  indicators  of 
the  directions  in  which  the  pertinent  technol- 
ogy is  likely  to  evolve.  The  trend  is  toward 
high  resolution  multi-frequency  imagers  span- 
<■  ning  wide  frequency  ranges  and  wide  swaths 
requiring  sophisticated  receivers,  real-time 
data  processors  and  most  importantly,  complex 
antennas. 


1.  INTRODUCTION 

The  launch  in  1978  of  the  Nimbus-G  and  Seasat-A  satellites  will  mark  the  be- 
ginning of  a new  phase  in  the  development  of  active  and  passive  microwave  sensing 
of  the  earth.  Nimbus-G  will  have  as  part  of  its  payload  the  Scanning  Multichannel 
Microwave  Radiometer  (SMMR) , which  is  a passive  microwave  imager  operating  at  five 
frequencies  between  6.6  and  37  GHz;  Seasat-A,  in  addition  to  a duplicate  of  the 
SMMR,  will  have  on  board  an  L-Band  Synthetic  Aperture  Radar  (SAR) , a Ku-band  scat- 
terometer,  and  a K-^-band  altimeter.  These  instruments  reflect  a new  understanding 
by  the  remote  sensing  community  of  the  broad  potential  of  microwave  sensors  and  a 
realization  of  the  need  to  overcome  the  shortcomings  of  the  visible  and  infrared 
type  instruments  which  have  until  now  dominated  the  remote  sensing  field.  Despite 
the  fact  that  a number  of  microwave  sensors  have  been  flown  in  space  previously, 
particularly  on  Nimbus  5 and  6 and  Skylab,  and  which  have  conclusively  demonstrated 
the  meteorology  applications  of  millimeter  radiometers,  the  Nimbus-G  and  Seasat-A 
instruments  represent  the  first  major  systematic  effort  to  explore  a wider  variety 
of  applications.  Recent  technology  advances  in  solid  state  power  sources,  low  noise 
receiver  componentry,  low-loss  ferrite  devices,  and  others,  have  substantially  fac- 
ilitared  this  step.  This  paper  will  explore  some  of  the  additional  advances  re- 
quired to  allow  further  efficient  exploration  of  microwave  remote  sensor  applica- 
tions and  to  pave  their  way  for  operational  use. 

2.  PASSIVE  MICROWAVE  TECHNOLOGY 

Microwave  radiometers  can  basically  be  divided  into  two  types:  spectral  and 

continuum.  "Spectral"  radiometers  have  very  narrow  bandwidths  tuned  to  or  near  mi- 


crowavG  resonance  lines  such  as  oxygen  and  water  vapor,  and  by  their  nature  are 
used  to  sense  atmospheric  parameters.  The  advantages  of  this  type  of  sensing  have 
been  recogni’,sed  early  and  led  to  the  development  of  the  Nimbus  E Microwave  Spectrom- 
eter (NEMS)  and  the  Scanning  Microwave  Spectrometer  (SCAMS)  on  Nimbus  5 and  6 re- 
spectively. The  spectacular  success  of  these  sensors  has  led  to  the  implementation 
of  an  operational  temperature  sounder,  the  Microwave  Sounding  Unit  (MSU)  for  the ^ 
Tiros— N series  of  meteorological  satellites.  It  also  has  generated  a strong  desire 
to  sense  at  higher  (mesospheric)  altitudes  and  to  study  molecules  sucli  as  Cl  0 with 
higher  frequency  resonances.  These  desires  translate _ into  high  frequency  (>100 
GHz),  narrow  band  (<100  MHz)  systems  which  in  turn  drive  the  need  for  near-term 
subsystem  technology  advances  in  areas  such  as  quasi— optical  devices,  submillimeter 
stable  oscillators  and  harmonic  generators,  and  most  importantly,  low-noise  mixers 
of  various  types.  The  need  to  improve  the  areal  resolution  of  these  sensors  and  to 
operate  from  geosynchronous  orbits  for  improved  local  coverage  also  indicates  higli- 
er  frequency  operations,  as  well  as  higher  angular  resolution  at  a given  frequency. 
The  subsy.stem  technology  requirements  stemming  from  these  are  the  same  as  above 
with  the  additional  need  for  large  aperture,  high  precision  antennas.  Ten  meter 
diameter  parabolic  antennas  capable  of  operation  up  to  300  GHz  are  typical. 

"Continuum"  radiometers  are  used  for  sensing  targets  with  very  broad  spectral 
features  covering  octaves  in  frequency.  Systems  of  this  type  have  been  flown  on 
Skylab,  Nimbus  5,  and  Nimbus  6 for  studies  of  the  signatures  of  a number  of  pri- 
marily terrestrial  surface  phenomena.  These  experiments  as  well  as  a broad  ground 
and  aircraft  research  effort  have  led  to  the  conclusion  that  multi— frequency , 
multi-look-angle  systems  are  needed  to  sense  complex  phenomena  such  as  soil  mois- 
ture. The  SMMR  is  the  first  spaceborne  sensor  of  this  type  and  clearly  points  to 
the  need  for  technology  development  in  advanced  large  aperture  antennas  capable  of 
operation  over  a broad  set  of  frequencies  (to  conserve  size  and  weight)  and  for 
some  applications,  of  performing  observations  at  a number  of  look  angles.  Com- 
pounding the  complexity  of  both  continuum  and  spectral  radiometers  is  the  fact  tliat 
practically  all  applications  call  for  wide  area  or,  in  the  case  of  the  atmosphere, 
for  large  volume  sensing.  This  implies  imaging  systems  and  therefore  the  antennas 
have  to  have  scanning  capability  as  well. 

Table  I summarizes  the  passive  microwave  related  subsystem  technology  develop- 
ment needs.  They  are  driven  by  the  system  requirements  which  in  turn  are  derived 
from  the  user  and  applications  requirements.  The  trend  towards  extended  sensing 
capability  clearly  requires  the  development  of  multifrequency  imagers  spanning  wide 
frequency  ranges  which  critically  depend  on  sophisticated  front  ends  and  comple.x 
antennas.  A good  example  of  a design  attempting  to  meet  most  of  these  requirements 
is  the  Shuttle  Imaging  Microwave  System  (SIMS)  proposed  by  the  Jet  Propulsion  Lab- 
oratory. The  system  consists  of  an  antenna  reflector  which  is  a section  of  a para- 
bolic torus  ana  is  illuminated  by  a number  of  rotating  feeds  disposed  like  the 
spokes  of  a wheel.  Each  feed  can  operate  at  a different  frequency  limited  only  by 
the  reflector  surface  tolerance.  The  rotation  of  the  feeds  provides  either  trans- 
verse or  conical  scanning  depending  on  the  geometry  used.  The  antenna  )peing  over 
4 in  . in  diameter,  there  is  ample  room  for  the  radiometers  on  the  rotating  element. 
Power  is  provided  by  a non— contacting  rotary  transformer  and  the  data  output  is  via 
short-range  RF  link. 

3.  ACTIVE  MICROWAVE  TECHNOLOGY 

Active  microwave  sensors  of  the  earth's  surface  fall  into  three  main  classes: 
altimeters,  scatterometers  and  imaging  radars.  A number  of  sophisticated  alti- 
meters and  one  scatterometer  have  been  flown  on  several  space  missions  to  date,  and 
one  of  each  type  of  sensor  is  being  developed  for  Seasat-A.  These  instruments  ex- 
hibit a high  level  of  maturity  and  no  requirements  for  significant  technical  devel- 
opments are  anticipated  in  the  near  future.  The  situation  with  imaging  radars  is 
quite  different.  The  first  known  imaging  radar  in  space  will  be  the  Seasat-A  SAR 
and  its  technical  shortcomings  are  already  evident.  This  fact  coupled  with  the 


rapidly  increasing  sophistication  of  a broad  class  of  imaging  radar  data  users  al- 
ready shows  requirement  trends  towards  sensing  increasingly  complex  phenomena,  fre- 
quent revisits  of  given  areas,  stereo  imaging,  and  improved  quality  imagery.  A 
number  of  systems-level  requirements  can  be  derived  from  these  needs:  multiple 

frequency  operation,  multiple  look  angle  imagery,  wide  swath  widths,  possibly  fore 
and  aft  squint  to  obtain  stereo  in  a single  pass,  and  fine  resolution  capability 
with  high  signal- to-noise , low  speckle  pixels.  At  the  subsystem  level,  two  main 
elements  are  driven  by  these  requirements  and  will  need  substantial  technology  ad- 
vances in  the  near  future.  One  is  antennas:  not  only  are  they  large,  but  they 

need  to  operate  at  multiple  frequencies  and  develop  beams  looking  in  a number  of 
directions  either  simultaneously  or  in  very  rapid  sequence.  Phased  arrays,  possib- 
ly of  the  dispersive  type  might  offer  solutions  but  they  typically  are  highly  ex- 
pensive and  only  operate  in  one  band,  thereby  presenting  cost,  area,  volume  and 
weight  problems.  Innovative  mechanically  scanned  antennas  might  present  attractive 
solutions  despite  the  undesirability  of  such  systems  in  space.  The  other  subsys- 
tem area  needing  major  effort  is  the  SAR  data  preprocessor  or  correlator.  This 
subsystem  is  required  to  perform  complex  and  very  high  rate  computations  in  real 
time  and  on  board  the  spacecraft  to  reduce  the  output  data  rates  to  manageable 
levels.  NASA's  Office  of  Aeronautics  and  Space  Technology  recognizing  this  need 
has  taken  initiative  to  sponsor  the  development  of  the  required  technology , re- 
moving this  as  an  obstacle  to  the  design  of  advanced  SARs . 

Table  II  summarizes  the  synthetic  aperture  radar  system  and  derived  subsys- 
tem technology  requirements.  The  antenna  requirements  in  particular  represent 
interesting  technological  challenge  and  meeting  them  is  the  key  to  the  utilization 
of  SARs  for  a wide  variety  of  remote  sensing  applications. 

4 .  CONCLUSION 

Although  the  only  predictable  thing  about  the  future  is  its  unpredictability, 
active  and  passive  microwave  sensing  is  rapidly  coming  of  age  and,  provided  a number 
of  technological  challenges  are  met,  particularly  in  the  antenna  area,  it  is  felt 
that  by  1985  every  major  new  remote  sensing  complex  will  include  one  or  several 
microwave  sensors. 
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USER/APPLICATIONS 

REQUIREMENTS 


SYSTEM  REQUIREMENTS 


SUBSYSTEM  TECHNOLOGY 
REQUIREMENTS 


- HIGH  ALTITUDE 
ATMOSPHERIC 
PHENOMENA 

- HIGH  FREQUENCY 
SPECTRAL  LINES 

~ HIGH  FREQUENCY 
- NARROW  SPECTRAL  LINES 

-QUASI-OPTICAL  DEVICES 

- HARMONIC  GENERATORS 

- PHASE  locked  local 
OSCILLATORS 

- LOW  NOISE  MIXERS 

- HIGH  SPATIAL 
RESOLUTION 

- GEOSYNCHRONOUS 
OPERATION 

- HIGH  ANGULAR 
RESOLUTION 

- HIGH  FREQUENCY 

- AS  ABOVE 

- LARGE  ANTENNA  APERTURES 
-PRECISION  ANTENNAS 

- 2D/3D  SENSING 

- IMAGING 

- AS  ABOVE 

- scanning  antennas 

- COMPLEX  PHENOMENA 
SENSING 

- MULTI  frequency 
SYSTEMS 

-MULTIPLE  LOOK  ANGLE 
SYSTEMS 

- AS  ABOVE 

- BROADBAND  FEEDS 

- SHARED  APERTURE  ANTENNAS 

- VARIABLE  LOOK  ANGLE  ANTENNAS 

o 

EXTENDED  REMOTE 
SENSING  CAPABILITY 

o 

MULTIFREQUENCY  IMAGERS 
SPANNING  WIDE 
FREQUENCY  RANGE 

O 

SOPHISTICATED  FRONT  ENDS  AND 
COMPLEX  ANTENNAS 

TABLE  II  TRENDS  IN  ACTIVE  MICROWAVE  (SAR)  SENSING 


USER/APPLICATIONS 

REQUIREMENTS 

SYSTEM  REQUIREMENTS 

subsystem  TECHNOLOGY 
REQUIREMENTS 

- COMPLEX  PHENOMENA 
SENSING 

- MULTI  FREQUENCY  SYSTEMS 

- MULTIPLE  LOOK  ANGLE 
SYSTEMS 

- PRECISION  LARGE  APERTURE 
ANTENNAS 

- SCANNING  ANTENNAS 

- FREQUENT  REVISIT 

- WIDE  SWATH  coverage 

- AS  ABOVE 

- STEREO  IMAGERY 

- FORE  AND  AFT  SQUINT 

- AS  ABOVE 

- HIGH  QUALITY  IMAGERY 

- FINE  RESOLUTION 

- MULTIPLE  LOOKS 

- HIGH  SNR 

- AS  ABOVE 

- EFFICIENT  transmitters 

- ON-BOARD  DATA  CORRELATORS 

- IMAGE  DATA  COMPRESSORS 

o 

EXTENDED  REMOTE 
SENSING  CAPABILITY 

o 

MULTI  FREQUENCY,  WIDE 
SWATH,  MULTILOOKANGLE, 
HIGH  RESOLUTION  SARs 

o 

COMPLEX  ANTENNAS  AND  ON- 
BOARD, REAL-TIME  DATA 
PROCESSORS 

THE  UTILITY  OF  SHORT  WAVELENGTH  (<1MM)  REMOTE  SENSING  TECHNIQUES 

FOR  THE  MONITORING  AND  ASSESSMENT  OF  HYDROLOGIC  PARAMETERS 

A.  Range  and  V.  Salomonson 

Goddard  Space  Flight  Center 
Greenbelt,  Maryland 


ABSTRACT 

Considerable  effort  accompanied  by  significant  progress 
has  occurred  in  the  last  several  years  in  applying  visible 
and  infrared  remote  sensing  measurement  to  water  resources 
management  needs.  The  requirements  of  the  water  resources 
management  and  hydrologic  communities  have  been  recently 
compiled  by  tlie  World  Meteorological  Organization.  Remote 
sensing  programs  that  respond  to  these  requirements  have 
employed  a study  and  development  approadi  involving  infor- 
mation content  and  modelling  research  utilizing  a properly 
phased  mix  of  remote  sensing  platforms  and  approaches  in- 
volving ground-based  research  and  observations  from  air- 
craft and  spacecraft.  The  Landsat  and  NOAA  environmental 
satellite  systems  have  provided  spacecraft  observations  in 
recent  years  that  are  proving  to  liave  utility  in  several  hydro- 
logic  areas.  The  major  areas  where  the  needs  of  water 
resources  management  are  being  met  involve  the  mapping 
and  monitoring  of  snowcovered  areas,  hydrologic  landuse, 
and  surface  water  area.  In  the  case  of  snowcovered  area 
mapping  the  transfer  of  technology  process  is  now  being  ac- 
complished in  the  Western  United  States  in  a cooperative 
effort  involving  6 federal  agencies  and  3 state  agencies  along 
with  NASA.  A new  coUaborative  effort  of  the  U.  S.  Army 
Corps  of  Engineers  and  NASA  involves  the  mapping  of  land- 
use  by  Landsat  and  its  use  in  hydrologic  engineering  water- 
shed models  employed  in  flood  control/waterworks  planning, 
design,  and  management.  Improved  systems  planned  for 
implementation  in  tlie  1978-1981  time  frame  can  be  expected 
to  result  in  increased  utilization  of  visible  and  near  infrared 
remote  sensing  observations.  Research  being  cax’ried  out 
now  also  suggests  that  microwave  observations  may  be  able 
to  monitor  more  fundamental  hydrologic  variables  and, 
thereby,  make  a more  essential  contribution  to  water  re- 
sources management. 


1.  INTRODUCTION 

Considerable  progress  has  been  made  in  the  past  few  years  in  applying  remote  sensing  to 
hydrological/water  resources  management  problems.  Reviews  of  progress  have  been  provided 
points  in  time  to  document  this  progress  (Range,  et  al. , 1974;  Otterman,  et  al. 
1976).  The  development  of  remote  sensing  in  this  general  area  has  had  a strong  applied  flavor 
t It  °PP°sed  to  a scientific  hydrology  emphasis.  This  is  because  of  the  heavy  involvement 
of  the  National  Aeronautics  and  Space  Administration  (NASA)  in  supporting  remote  sensing  re- 
search and  the  emphasis  on  applications  where  water  resources  is  included  in  the  NASA  Earth 
Observations  Program.  In  addition,  largely  because  of  the  NASA  support  and  involvement  in 
earth-oriented  remote -sensing  research,  tlie  emphasis  has  been  skewed  toward  use  of  space- 
craft data.  The  launch  in  1972  of  the  Landsat  spacecraft  with  its  Multispectral  Scanner  Sub- 
system (MSS)  and  the  flight  of  the  Very  High  Resolution  Radiometer  on  the  NOAA-2  spacecraft 
operated  by  NOAA  has  furthered  this  erapliasis  due  to  the  liigh  resolution,  repetitive  coverage 
those  observational  systems  provided.  The  intent  of  tliis  paper  is  to  cover  the  advances  that 
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have  been  made  in  applying  remote -sensing  to  hydrology  and,  in  doing  so,  not  discount  tlie  util- 
ity of  remote  sensing  from  ground-based  and  aircraft  platforms.  However,  because  of  the 
need  to  be  able  to  better  inventory  and  manage  water  resources  over  larger  and  larger  areas 
due  to  increased  population,  accompanying  needs,  and  the  inherent  advantage  of  spacecraft  ob- 
servations  for  repetitively  monitoring  very  large  areas,  much  of  the  discussion  in  the  paper 
will  be  on  the  application  of  spacecraft  systems. 


2.  OVERVIEW  OF  A REMOTE  SENSING  APPLICATIONS  PROGRAM  FOR 
WATER  RESOURCES  MANAGEMENT 

It  is  helpful  to  keep  in  mind  a general  evolvement  structui’e  as  one  develops  a remote  sens- 
ing program  that  is  attempting  to  meet  the  needs  of  the  water  resources  management  commun- 
ity. Such  a structure  is  described  in  Figure  la  with  additional  ideas  schematically  depicted  in 
Figures  lb  and  Ic. 

Figure  la  particularly  tries  to  point  out  that  one  cannot  develop  an  effective  remote  sensing 
program  without  considerable  knowledge  of  how  water  resources  management  is  accomplished 
and  what  methodology  or  tools  are  employed.  Once  havii'g  established  a program  then  one  can 
proceed  to  use  all  data,  technology  and  analysis  methods  possible.  This  idea  is  conveyed  by 
Hie  right  hand  "loop"  of  Figure  la.  As  one  becomes  involved  in  activities  characterized  by 
this  concept  development  loop,  one  must  keep  in  mind  tiiat  such  a program  must  eventually  get 
to  a point  where  quasi-operational  tests  or  Applications  Systems  Verification  and  Transfer 
(ASVT)  projects  become  appropriate.  These  projects  will,  if  appropriately  conceived  and  im- 
plemented, provide  user  agencies  (fedei'al,  state,  etc. ) with  a definitive  measure  of  improve- 
ment in  information  reliability,  accuracy,  and  timeliness  and  cost  savings  realized  using  re- 
mote sensing  versus  conventional  methods  or  tools.  From  an  ASVT  should  come  enough 
information  for  a user  to  make  a decision  as  to  whether  to  invest  both  manpower  and  dollars 
in  implementing  remote  sensing  approaches  as  additional  or  ancillary  information  gathering 
tools  or  whether  to  replace  conventional  methodology  with  remote -sensing -based  approaches. 

Figure  lb  is  provided  to  indicate  that  both  information  content  research  and  models  should 
be  used  in  a water  resources  remote  sensing  program.  Models  are  emphasized,  in  particular, 
because  there  are  different  types  and  they  perform  necessary  and  important  functions.  One 
general  type  of  model  is  the  radiative  tx’ansfer  model  that  must  be  used  to  test  whether  there 
is  a possibility  of  ptracting  useful  information  (soil  moisture,  snow  water  content,  surface 
temperature,  etc. ) from  remote  sensing  measurements  and  to  offer  a somid  physical  basis  and 
explanation  for  tlie  use  of  remote  sensing  to  gatlier  information.  The  other  type  of  model  is  a 
physical  model  or  systems  model  (e.g.  of  a watershed/runoff  system  or  a reservoir  manage- 
ment system).  These  models  help  if  used  for  sensitivity  studies  that  offer  insight  to  the  most 
important  variables  affecting  output  variables  (e.g.  runoff)  or  as  a means  of  quantitatively  de- 
scribing the  utility  of  remote  sensing  without  the  expense  and  effort  involved  in  gomg  through 
a complete  observational  or  water  resources  management  exercise  (Salomonson,  et  al.,  1975- 
Sohn  et  al. , 1976).  Models  are  particularly  important  in  water  resources  management  because 
they  very  commonly  are  employed  as  a management  decision -makmg  mechanism. 

Figure  Ic  is  provided  to  make  the  point  that  a proper  mix  of  various  types  of  remote  sens- 
ing studies  and  observing  platforms  should  be  used  as  a remote  sensing  aiiproach  goes  from 
being  an  idea  to  operational  implementation.  The  progression  from  theory  to  laboratory 
ground-based  platforms  (e.  g. , "cherry-picker"-momited  instrumentation),  aircraft  etc. ! is 
particiRarly  necessary  to  conserve  resources  and  provide  proper  validation  for  proposals  to 
fly  instrumentation  on  spacecraft  where  required  resources  or  investment  are  quite  large. 

. ^ substantial  and  useful  array  of  observing  platforms  that  have  and  are  pro- 

ducing data  of  utility  for  water  resources  management,  or  have  and  are  producing  data  which 
has  great  potential  in  research  projects.  Existing  platforms  and  brief  descriptors  of  the  data 
they  produce  are  given  in  Table  1.  From  this  point  on,  the  purpose  of  this  paper  is  to  describe 
the  progress  that  has  been  made  in  developing  the  application  of  visible  and  infrared  data 
gathered  from  platforms  listed  in  Table  1.  This  paper  will  generaHy  follow  a pattern  described 
by  Hie  schematics  given  in  Figure  la.  Progress  in  information  content  and  modelling  research 
will  be  described  followed  by  brief  descriptions  of  on-going  ASVT  projects  that  are  involving 
User  Agencies  and  NASA  in  cooperative  efforts.  Near  the  conclusion  of  the  paper  a brief  look 
to  the  future  will  be  taken  to  offer  insight  as  to  the  progress  thatmight  be  e.xpeotedinthe  1980's. 


3.  WATER  RESOURCES  REQTUREMENTS  AND  INFORMATION  CONTENT  RESEARCH 

As  already  noted,  in  order  to  determine  tlie  true  effectiveness  of  remote  sensing  for  water 
resources  management  operational  needs  and  measurement  requirements  must  be  defined  and 
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the  corresponding  capabilities  of  remote  sensing  evaluated.  Such  an  attempt  has  been  made 
by  the  World  Meteorological  Organization  (WMO,  1976)  with  particular  reference  to  satellite 
data  for  planning  purposes.  The  observational  satellite  requirements  established  in  the  WMO 
document  will  be  used  to  evaluate  tiie  hydrologic  contributions  of  present  and  future  visible  and 
infrared  remote  sensing  capabilities.  As  pointed  out  by  the  WMO  (1976),  resolution  require- 
ments must  be  tailored  to  the  size  of  the  drainage  basin  because  of  varying  operational  and^ex- 
perimental  applications.  Basin  size  ranges  were  thus  established:  "A"  - less  than  100km"-; 

"B”  - between  100  and  1,  OOOkm^ ; and  "C"  - greater  than  1,  000 km2  . Another  complicating 
factor  in  formulating  requirements  is  that  they  will  certainly  vary  from  one  country  to  another 
because  of  different  levels  of  research  and  operational  activities.  Combined  with  the  resolution 
i-equirement,  accuracy  and  frequency  of  measurements  were  also  estimated. 

Because  of  their  value  and  general  non-availability,  the  hydrologic  remote  sensing  require- 
ments set  by  tlie  Informal  Planning  Committee  (WMO,  1976)  are  presented  in  Table  2.  It  must 
be  recognized  that  these  requirements  are  preliminai’y  and  under  review  by  WMO,  and  that  the 
WMO  is  in  no  way  responsible  for  the  numbers  or  the  form  of  their  presentation  here.  The  in- 
formation in  Table  2,  however,  provides  basic  data  for  evaluation  of  the  informational  content 
of  current  and  proposed  remote  sensors.  In  this  discussion  of  informational  content,  the  vi.sihie 
and  infrared  capabilities  will  be  examined  in  detail,  whereas  potentials  for  microwave  sensing 
or  satellite  data  relay  will  only  be  identified.  The  information  presented  by  Ulaby  (1977)  should 
be  useM  for  completing  a microwave  evaluation  in  reference  to  Table  2. 

In  order  to  provide  a measure  of  snowcover,  the  snowline  position  is  often  delineated.  The 
snowline  spatial  resolution  requirements  for  watershed  sizes  "B"  and  "C"  in  Table  2 can  cur- 
rently be  obtained  with  the  Landsat  Multispectral  Scanner  Subsystem  (MSS)  (0. 6-0. 7 nm  band) 
and  the  NOAA  Very  High  Resolution  Radiometer  (VHRR)  or  the  NOAA  Synchronous  Meteoro- 
logical Satellite  (SMS);  however,  Landsat  systems  only  provide  coverage  twice  every  18  days 
with  two  satellites.  The  resolution  and  stringent  frequency  requirements  may  be  alle-viated, 
however,  if  NOAA  and  Landsat  are  used  in  tandem  with  their  respective  frequency  and  resolu- 
tion characteristics  supplementing  one  another.  In  the  future  Landsat-D  will  meet  the  30  m 
snowline  resolution  requirement  for  watershed  size  "A". 

The  NOAA-VHRR  meets  the  total  snowcover  spatial  resolution  requirements  for  "B"  and 
"C"  watersheds,  and  Landsat  satisfies  the  "A”  watershed  requirements.  Accuracies  of  +5/o 
of  snowcovered  area  are  possible  from  Landsat  and  NOAA  observing  systems.  The  required 
frequency  can  only  be  currently  acquired  from  NOAA  or  SMS  systems.  Once  more  the  judicious 
combination  of  NOAA  and  Landsat  should  improve  their  individual  applicability  for  snowcover 
mapping.  At  the  present  time  there  is  no  known  method  for  remotely  sensing  snow  water 
equivalent  from  space.  Comparison  of  visible  and  near  infrared  band  reflectance  provides 
only  qualitative  delineation  of  snow  areas  possessing  free  water  at  the  surface  as  a result  of 
melting.  It  is  possible  that  the  development  of  microwave  sensing  will  aUow  significant  con- 
tributions in  tlie  areas  of  water  equivalent  and  free  water  content  determination  over  large  re- 
gions. At  given  locations  the  satellite  data  collection  system  could  be  used  profitably  with 
automated  snow  instruments. 

The  determination  of  snow  temjperature  and  albedo  are  amenable  to  satellite  capabilities 
and  resolutions  for  "C"  watersheds  are  possible.  The  thermal  infrared  sensor  on  the  NOAA- 
VHRR  can  apparently  provide  observations  accurate  to  about  ±2  C if  appropriate  accounting 
for  atmosphez’ic  effects  is  used.  In  1978,  the  HCMM  will  be  capable  of  making  surface  tem- 
perature measurements  with  500  m resolution.  Landsat-C  will  have  a thermal  infrared  resolu- 
tion of  about  240  m and  in  1981  Landsat-D  will  reduce  the  thermal  infrared  resolution  to  120  m. 
At  that  time  resolution  requirements  lor  all  size  watersheds  will  nearly  be  met,  but  none  of  the 
satellites  will  be  capable  of  6-hour  frequency  of  coverage  except,  possibly,  for  the  TIROS-N 
systems  (see  Table  3).  Much  remains  to  be  done  to  show  that  the  thermal  infrared  measure- 
ments obtainable  from  satellites  can  be  effectively  used  in  snow  studies  and  monitoring. 

Satellites  also  provide  measuz’ements  of  bi-directional  reflectance  in  the  visible  and  near 
infrared.  However,  not  much  is  reaUy  known  as  to  how  well  these  measurements  can  be  re- 
lated to  the  albedo  and  energy  balance  over  snow  surfaces.  The  comparison  of  outbmmd  radi- 
ation to  inbound  ra^ation  in  existing  sensor  wavelength  regions  may  permit  an  albedo  estimate, 
but  not  every  6 hours  as  required. 

Overall,  there  has  been  considerable  pi’ogress  and  there  appears  to  be  a significant  re- 
maining potential  for  using  satellite  data  to  estimate  snow  information  with  visible  and  infrai’ed 
systems.  The  most  common  problem  seems  to  be  the  meeting  of  stringent  frequency  of  cover- 
age requirements.  A review  of  the  various  remote  sensing  techniques  and  potentials  for  snow 
mapping  is  given  by  Rango  and  Itten  (1976). 
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Soil  properties  are  a difficult  area  lor  visible  and  infrared  remote  sensing  because  most 
properties  of  hydrologic  interest  are  subsurface  features  and  the  remote  measurements  are 
indicative  only  of  the  surface.  Soil  associations  have  been  mapped  adequately  in  South  Dakota 
(Westin  and  Frazee,  1975)  using  Landsat  and  soil  survey  mapping  has  been  improved  using 
multispectral  aircraft  data  in  Pennsylvania  (Mathews,  et  al. , 1973).  However,  only  surface 
features  are  delineated  and  not  the  hydrologic  characteristics  with  depth.  The  moisture  con- 
tent profile  is  not  obtainable  with  visible  and  infrared  measurements,  although  the  use  of  ther- 
mal infrared  aircraft  data  has  been  shown  to  have  a high  potential  for  bare  soil,  surface  layer 
soil  moisture  sensing  (Schmugge,  et  al.,  1977).  The  diui’iial  surface  temperature  variation 
is  well  correlated  with  conventional  ground  measurement  of  soil  moisture  in  the  0-2  cm  layer. 
Even  when  the  soil  sux’face  is  covered  by  vegetation,  canopy  surface  temperature  when  com- 
pared to  air  tempex’ature  provides  a means  for  inferring  crop  status  and  associated  soil  mois- 
ture conditions  (Idso  et  al.,  1975).  Diux’nal  surface  temperature  data  fx'om  the  HCMM  to  be 
launched  in  1978  with  500 xxx  resolutioix  will  be  used  to  test  these  initial  aircx’aft  results.  The 
use  of  xxxicrowave  sensing  for  soil  xixoisture  xneasurenxexxts  to  even  greater  deptlxs  has  signifi- 
cant potential  as  indicated  by  Ulaby  (1977)  at  this  synxposiuxxx.  Other  types  of  xxioisture  profile 
measurements  and  water  balance  models  will  liave  to  Ixe  combined  with  the  remote  sensing  data 
to  extend  sampling  down  to  100  cm.  Wliere  the  reixxote  data  is  applicable  (ixear  the  sux’face) 
estixxxates  shoidd  fall  within  the  required  accuracy  of  ±10%  of  field  capacity.  Visible  and  infra- 
red data  can  do  very  little  for  soil  teixxperature  profiles,  infiltration/percolation,  depth  of 
seasonal  fx’ost,  axxd  detection  of  perixxafx’ost.  Once  again  the  pertinence  of  xxxicrowave  sensing 
should  be  explored. 

Groundwater  level  or  aquifer  exteixt  caixnot  be  obtained  directly  froixx  visible  axxd  iixfrared 
data;  the  data  collection  systexxx  will  have  to  oe  xxsed  to  relay  groundwater  level  recorder  data. 
The  xnapping  of  surficial  acquifers,  however,  can  be  inferred  by  other  features  such  as  vegeta- 
tion, soils,  axxd  river  chamxels.  Ozoray  (1975)  used  Landsat  data  to  fixxd  areas  of  sand  and 
gravel  accmiuHations  along  streaixxs  in  Alberta,  Canada  that  produced  significant  water  yield 
when  dx'illed.  Associated  xvith  this  application  is  the  mapping  of  geologic  lineaxnents  or  frac- 
tures xvith  Landsat  in  many  areas  of  tlie  United  States.  Groundwater  wells  generally  tend  to 
produce  higher  yields  when  drilled  at  the  intersections  of  these  fractures.  Such  ixxformation 
fx’oxxx  Laixdsat  and  Skylab  have  been  used  to  ixnprove  the  siting  of  new  wells  (Goetz  et  al. , 1975; 
Johnson  Space  Center,  1974).  The  location  of  discharge  into  rivers  and  lakes  can  be  inferred 
with  tliermal  infrared  data  by  the  delineation  of  tempex’ature  anonxalies  in  the  water  bodies. 
Landsat-D  resolution  should  provide  useful  data  for  lakes,  bxxt  high  resolution  aircraft  data 
will  be  requii’ed  for  locating  discharges  in  x’ivers.  The  location  of  springs  will  also  require 
aix’borne  thex’xxxal  sensing. 

Drainage  basin  parameters  are  extreixxely  iiixportaixt  for  watershed  characterization  and 
as  inpxxts  to  watershed  models.  The  only  drainage  basin  eleixxent  listed  in  Table  2 not  available 
from  space  now  or  in  the  foreseeable  future  is  surface  slope  (unless  spaceborne  radar  altimetry 
is  more  successful  than  axxticipated).  Such  xxxeasuremexxts  will  liave  to  be  xnade  witlx  low  flyiixg 
aircraft  or  on  the  ground.  On  tlie  other  hand,  existing  satellites  can  nxeet  the  resolution,  ac- 
cux'acy,  and  frequeixcy  requirements  for  all  "C"-size  basins  for  all  the  other  parameters. 
Landsat-D  resolution  will  allow  "A"  and  "B"  watersheds  to  also  be  ixxapped  adequately.  An  ex- 
aixxple  of  Laixdsat  physiographic  xxxapping  is  given  by  Eango,  Foster,  axxd  Salomonson  (1975). 
Results  in  laixd  cover  analysis  with  Landsat  have  been  most  impressive  and  will  be  covered  in 
detail  by  Ragan  (1977)  at  this  symposium. 

Precipitation  xxxeasurexxxent  over  land  usiixg  reixxote  sensing  is  extreixxely  difficult.  Visible  / 
and  infx’ared  data  have  been  used  to  track  cloud  systems  and  correlate  pattex'ix  and  cloud  top 
temperatux’e  genex'ally  to  x’anges  of  possible  pi'ecipitation  totals  (Davis,  1974).  It  would  appear, 
however,  that  tlxe  satellite  data  collection  and  relay  system  would  be  an  effective  way  for  im/' 
proving  the  estixxxation  of  precipitation  in  the  future.  These  same  statements  are  generally' 
true  of  evapotranspiration  as  well,  altlxough  various  factors  affectiixg  evapotranspiration/such 
as  teixxperature,  albedo,  and  cx’op  and  xxioisture  stress,  can  be  measured  or  delineated/ These 
associated  factors  could  be  used  in  existing  or  new  metlxods  for  calculation  of  evapotgdnspira- 
tion  and  result  in  an  improvement  over  current  techniques.  / 

/ 

hx  water  quality,  information  on  turbidity,  suspended  sediixxent,  color,  alga/’''blooms,  and 
sux’face  fiUxx  detection  can  be  obtained  for  "B"  and  "C"  water  bodies  now  and  fixxxix  "A"  water 
bodies  in  the  future  using  Landsat-D.  In  addition  spectral  discrimination  improvements  on 
Landsat-D  should  increase  the  information  content  associated  with  tlie  abovd  hydrological  ele- 
ments. The  frequency  of  covex’age  is  again  the  major  limiting  factor.  'T.emperature  profiles 
will  not  be  possible  with  remote  sensing  but  data  relay  techniques  will  be  suitable.  Surface 
temperature  measurements  for  "B"  and  "C"  water  bodies  will  be  feasible  only  for  below  0‘'C 
and  above  4“  C.  Tlxe  accux'acy  requirements  in  the  0-4°  C intex’val  a,r'6  too  detailed  for  remote 


bansing  methods.  Tlie  frequency  of  observations  required  would  have  to  be  handled  by  synchro- 
nous satellites  or  data  relay  techniques. 


4.  MODELLING  APPLICATIONS 

Visible  and  infrared  remote  sensing  data  have  been  found  to  be  extremely  useful  in  vari- 
ous types  of  watershed  modelling  as  described  by  Ragan  (1977).  Advantages  to  the  data  include 
its  timeliness,  wide  area  coverage,  adaptability  for  computer  processing,  and  its  generally 
being  less  expensive  to  use.  The  use  of  remote  sensing  data  in  watershed  models  is  probably 
the  most  efficient  way  to  exploit  this  new  information.  To  provide  an  example  of  hosv  the  re- 
mote measurements  could  be  used  in  modelling,  a very  specific  subset  of  hydrologic  remote 
sensing  data  will  be  discussed,  namely,  the  use  of  snowcovered  area.  Other  types  of  model 
applications,  such  as  plaiming,  partial  area,  and  river  basin  models,  will  be  discussed  by 
Ragan  (1977). 

The  least  complex  and  conventional  way  to  use  remotely-sensed  snowcover  data  is  to  use  it 
as  an  independent  variable  in  a regression  model  to  predict  seasonal  runoff.  Rango,  Salomonson, 
and  Foster  (1977)  used  low  resolution  (4km)  ESSA  9 data  and  simple  photointerpretation  tech- 
niques to  map  snowcovered  area  during  early  April  over  tlie  Indus  and  Kabul  River  basins  in 
the  Himalayas.  The  early  sprmg  snowcovered  area  was  significantly  related  to  April  1 through 
July  31  streamflow  in  regression  analyses  for  each  watershed  (hidus  River,  1969-1973,  r“  = 
0.82,  and  Kabul  River,  1967-1973,  i’2  = 0. 89).  Predictions  of  1974  seasonal  streamflow  using 
the  regression  equations  were  within  7%  of  the  actual  1974  flow.  Because  of  inadequate  hydro- 
meteorological data,  conventionally  based  streamflow  predictions  are  not  possible  in  some  of 
these  remote  regions,  and  tlie  satellite-derived  runoff  estimates  have  immediate  applicability 
for  improved  water  resources  management. 

For  Landsat  such  a long  period  of  snowcovered  area  data  are  not  available  and  other  ap- 
proaches must  be  tried.  Thompson  (1975)  in  Wyomhig  found  that  the  snowcovered  arp.  on  a 
particular  date  was  better  related  to  the  accumulated  rimoff /total  seasonal  runoff  ratio  than  to 
just  the  seasonal  runoff  in  a simple  regi’ession  relationship.  As  a result  if  accumulated  runoff 
was  known  ^vhicli  is  usually  the  case),  then  snowcovered  area  could  be  used  to  estimate  total 
seasonal  runoff  with  a small  data  base.  Such  relationships  are  not  only  useful  for  total  flow 
forecasts  but  also  for  short  term  forecasts  of  time  distribution  of  seasonal  runoff.  Additional 
studies  (A.  Rango,  impublished  data,  1977)  show  that  wiien  snowcovered  area  data  is  combined 
with  conventional  hydrometeorological  data  in  multiple  regression  approaches,  errors  associ- 
ated with  tlie  updatmg  of  seasonal  streamflow  forecasts  can  be  reduced  on  certain  watersheds. 

The  alternative  to  regression  models  is  the  input  of  snowcovered  area  to  numerical  hydro- 
logic  models  for  daily  and  longer  term  streamflow  predictions,  hi  the  Northwest  United  States 
snowcovered  area  can  be  inserted  into  the  Streamflow  Synthesis  and  Reservoir  Regulation 
(SSARR)  model  (U.  S.  Army  Engineer  Division,  1975).  The  model  requires  snowcovered  area 
data  infrequently  tlirougliout  the  season  to  more  accurately  deplete  the  water  equivalent  of  the 
snowpack  and  to  distinguish  the  watershed  areas  actively  producing  snowmelt  or  experiencing 
a rain  on  snow  situation.  To  further  improve  simulations  a snow  area -elevation  zone  input 
option  is  available  in  the  SSARR  model. 

A more  simple  model  has  been  proposed  by  Martinec  (1975)  in  which  basin  snow  water 
equivalent  is  not  a necesssary  model  parameter.  The  only  data  necessary  in  order  to  predict 
daily  runoff  are  watershed  runoff  and  recession  coefficients,  a degree  day  factor,  temperature, 
and  snowcovered  area  in  various  elevation  zones.  For  each  zone  the  degree  day  factor,  ex- 
trapolated temperature,  and  snow  extent  are  used  to  calculate  melt  according  to  existing  con- 
ditions. The  runoff  and  recession  coefficients  are  used  to  calculate  tiie  amount  of  water  reach- 
ing the  stream  on  a given  day.  Streamflow  forecasting  with  the  metliod  is  limited  only  by  the 
adequacy  of  the  temperature  predictions  for  the  period  of  forecast.  Martinec  estimates  (per- 
sonal communication,  1976)  tliat  four  satellite  snowcovered  area  observation  dates  during  the 
snowmelt  season  are  sufficient  to  consti'uct  a snow-area  depletion  curve  for  keeping  track  of 
clianging  snowcover  as  a result  of  melting. 

None  of  these  snowmelt  modelling  examples  requires  daily  snowcovered  area  measiu'e- 
ments  as  was  indicated  necessary  by  WMO  (1976).  It  appears  that  satellite  snowcovered  area 
data  available  only  twice  every  18  days  would  still  have  direct  pertinence  for  several  hydrologic 
applications,  especially  tliose  employing  watershed  models. 


5.  QUASI-OPERA.TIONAL  DEMONSTRATION  TEST  PROJECTS 

The  various  remote  sensing  research  efforts  in  hydrology  have  produced  positive  results 
in  certain  areas  of  water  resources  that  have  led  to  the  establishment  of  quasi-operational  tests 
of  the  remote  sensing  technology.  These  results  and  subsequent  tests  are  in  bvo  primary 
areas:  snowcover  mapping  and  snowmelt  runoff  prediction;  and  hydrologic  land  use  analysis. 

The  first  test  is  tlie  Operational  Applications  ot  Satellite  Snowcover  Observations  Project, 
a NASA  Applications  Systems  Verification  and  Transfer  (ASVT)  project  that  was  discussed  in 
detail  at  the  Tenth  International  Symposium  by  Rango  (1975).  The  Snow  ASVT  objectives,  or- 
ganization, and  study  areas  remain  the  same  as  outlined  in  1975.  The  major  change  has  been 
the  planned  for  switch  of  emphasis  from  transferring  the  snow  mapping  technology  to  determining 
how  the  satellite  snow  data  can  be  used  in  runoff  predictions.  In  coordination  with  diis,  the 
real  time  data  delivex’y  goal  of  72  hours  is  nearly  being  accomplished.  NOAA-VHRR  and  -VISSR 
data  is  received  by  the  study  centers  in  1-3  days  after  acquisition  and  Landsat  quick  look  data 
arrives  in  2-7  days  after  acquisition.  The  cost/benefit  study  is  uiulerway  and  is  scheduled  for 
completion  near  the  end  of  the  project,  about  December  1978.  In  the  cost/benefit  study  early 
effort  is  being  made  to  stratify  the  entire  population  of  watersheds  in  the  Western  United  States 
on  tlie  basis  of  importance  of  snow  for  producing  runoff,  single  or  multiple  reservoir  water  use 
and  reservoir  characteristics,  and  similarity  to  ASVT  study  watersheds.  As  a result  the  fun- 
damentals of  reservoir  operation  for  various  water  uses  are  being  defined  and  related  to  snow 
mapping  capabilities.  As  the  cost/benefit  study  progresses,  emphasis  will  turn  to  evaluating 
results  from  each  ASVT  study  area  in  the  framework  of  potential  benefits  to  the  entire  popula- 
tion of  Western  United  States  watersheds.  Remaining  tasks  in  the  Snow  ASVT  include:  _ the  writ- 
ing of  a snow  mapping  and  runoff  prediction  handbook  that  will  enable  non-ASVT  participants  to 
benefit  from  the  ASVT  experience;  the  holding  of  a final  snow  mapping  workshop  to  report  on 
specific  results  from  each  of  the  ASVT  study  areas;  and  the  publishing  and  disseminating  of 
final  project,  cost/benefit,  and  wox’kshop  reports. 

Wliile  the  Snow  ASVT  is  more  than  half  completed,  the  Water  Management  and  Control 
Project  is  just  starting  as  a new  ASVT.  The  general  objective  is  to  provide  a quasi-operational 
test  of  the  utility  of  Laxxdsat  hydrologic  land  use/surface  cover  data  in  hydrologic  engineexing 
models  emoloyed  in  flood  control/waterworks  planning,  design,  and  management.  Much  of  the 
Landsat  investigative  results  that  led  to  the  initiation  of  this  project  are  covered  by  Eagan 
(1977).  The  prime  cooperator  on  the  project  is  tlie  U.  S.  Army  Corps  of  Engineers  (Corps)  with 
the  investigation  centered  at  the  Hydrologic  Engineexing  Center  in  Davis,  California.  The 
Corps  typically  perfoi’ins  studies  on  75  watersheds  each  year  that  require  model  calibration 
using  land  use  data  to  eventually  produce  flood  hydrographs  for  planning.  About  one  quarter  of 
the  total  calibx'ation  effort  is  spent  for  land  use  classification.  If  Landsat  can  reduce  expendi- 
tures for  this  classification  and  if  the  data  produced  are  adequate  for  the  modelling  purposes, 
then  significant  cost  savings  could  result.  This  is  what  the  Corps  will  test  in  the  Water  ASVT. 

The  definition  phase  of  the  Water  ASVT  has  been  completed  in  which  Landsat  hydrologic 
land  use  classifications  on  two  watersheds.  Trail  Creek  in  Georgia  and  Castro  Valley  in 
California,  familiar  to  the  Corps  were  compared  to  existing  conventional  land  use  information. 
Landsat  classifications  were  acceptable  and  the  results  led  to  the  actual  test  phase  which  is 
beginning  now.  In  this  phase  the  Corps  will  pick  three  additional  watersheds  on  which  the  time- 
liness, accuracy,  costs,  manpower,  labor-saving,  and  model  compatibility  aspects  of  the 
Landsat  data  will  be  evaluated.  The  land  use  classification  on  the  first  of  these  watersheds 
will  be  done  using  computer  processing  of  Landsat  digital  data  by  the  Corps  contractor,  the 
University  of  California,  Davis  (UCD).  The  second  watershed  will  be  classified  by  both  the 
Corps  and  UCD,  and  the  third  watershed  will  be  done  primarily  by  Corps  personnel.  The  suc- 
cessful aspects  of  the  Landsat-based  technology  will  be  adopted  by  the  Corps,  put  on  their  com- 
putational facilities,  and  transferred  to  District  Offices  through  training  courses  at  the  Hydro- 
logic  Engineering  Center.  Care  will  be  taken  during  the  test  phase  to  collect  data,  docmnent 
pi'ocedures,  and  total  costs  so  that  a well-founded  comparison  between  Landsat  and  conventional 
procedures  can  be  made.  These  data  will  be  used  in  a cost/benefit  study  similar  to  that  being 
conducted  in  the  Snow  ASVT. 

The  test  phase  of  the  Water  ASVT  should  be  completed  by  December  1977  and  the  transfer 
phase  should  be  finished  by  December  1978  or  early  1979.  Final  project  repox'ts,  cost/benefit 
documents,  and  workshops  should  be  completed  at  the  end  of  the  transfer  phase. 

Additional  ASVT's  in  v/ater  resources  are  expected  to  result  as  the  remote  sensing  tech- 
nology is  further  refined.  Because  of  initial  investigative  results,  certain  areas  stand  out  as 
potential  future  ASVT  candidates.  The  survey  of  irrigated  lands  has  been  shown  to  be  relatively 
straightforward  and  actually  a specific  kind  of  hydrologic  land  use  study.  It  appears  that  in- 
formation on  the  acreage  under  irrigation,  a basic  classification  of  general  crop  types 
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undergoing  irrigation,  and  tlie  type  of  irrigation  being  practiced  may  be  obtainable  from 
Landsat.  An  ASVT  on  tliis  topic  could  be  expected  by  1978.  Results  from  floodplain  mapping 
using  Landsat  have  been  very  promising  (Sollers,  Rango,  and  Henninger,  1977),  however,  the 
lack  of  required  resolution  has  been  the  major  drawback.  Wlien  a much  improved  resolution 
and  multispectral  coverage  is  combined  on  Landsat-D,  an  ASVT  in  floodplain  mapping  could 
result  by  1981.  Advances  in  soil  moisture  monitoring  using  thermal  infrared  and  microwave 
data  have  been  impressive  using  aircraft  data.  Further  refinements  of  methods  and  appropri- 
ate sensors  on  spacecraft  should  permit  a soil  moisture  ASVT  to  go  forward  by  1984.  Altliough 
extremely  early  in  the  developmental  stage  now,  snow  water  equivalent  monitoring  with  micro - 
waves  shows  definite  promise.  Assuming  research  continues  to  provide  positive  results,  mi- 
crowave snow  models  are  developed,  and  adequate  resolution  sensors  are  available,  a snow 
water  equivalent  ASVT  should  begin  by  1987.  Other  ASVT's  in  tins  time  period  are  definite 
possibilities  as  new  research  results  and  water  management  needs  dictate. 


6.  NEW  SYSTEMS 

Altliough  substantial  advances  have  been  made  in  terms  of  employing  visible  and  infrared 
remote  sensing,  as  previous  paragraphs  have  indicated,  there  are  some  obvious  areas  where 
improvement  is  needed.  Table  3 provides  a list  of  sensors  and  systems,  plus  brief  descrip- 
tions of  their  characteristics,  tliat  are  planned  or  have  been  considered  for  implementation  in 
the  late  1970’s  or  the  1980's.  The  principle  observing  needs,  insofar  as  visible  and  infrared 
systems  are  concerned,  include  requirements  for  higher  spatial  resolution  and  frequency  of 
observations.  Higher  spectral  resolution  is  also  needed  to  better  identify  certain  materials 
and  eliminate  errors  in  classification. 

New  spacecraft  systems  of  note  employing  improved  visible  and  infrared  observation  capa- 
bilities include  the  Landsat-D  Tliematic  Mapper  (TM)  system  scheduled  for  operation  in  1981, 
the  TIROS-N  observing  svstem  scheduled  for  initial  operation  in  1978,  and  the  Heat  Capacity 
Mapping  Mission  (HCMM)  scheduled  for  lamich  in  1978.  The  Landsat-D  will  be  a "second- 
generation"  earth  resources  satellite  system  tliat  will  offer  substantial  spatial  resolution  and 
spectral  band  improvements.  The  30  meter  resolution  should  be  much  more  applicable  to  flood- 
plain  mapping  and  the  delineation  of  inland  wetlands.  As  an  example  of  the  advantages  afforded 
by  the  increased  spectral  bands  capabilities,  the  1.  55-1. 75  jum  band  will  be  most  useful  in  sep- 
arating clouds  from  snow  in  TM  scenes.  The  TIROS-N  system  Advanced  Very  High  Resolution 
Radiometer  (AVHRR)  will  eventually  provide  6 hour  global  coverage  by  using  two  satellites  and 
thereby  provide  a step  forward  in  terms  of  better  meeting  frequency  of  coverage  requirements. 
The  HCMM  mission  involves  utilizing  an  orbit  configuration  that  will  permit  the  acquisition  of 
diurnal  temperature  range  information.  This  diurnal  temperature  range  information  has  been 
found  to  be  related  to  soil  moisture  and,  more  generaUy,  the  thermal  inertia  properties  of  vari- 
ous materials.  Other  ideas  that  have  been  considered  include  the  implementation  of  near- 
Landsat  observing  capabilities  on  a geosynchronous  platform  (sometimes  called  the  Synchronous 
Earth  Observatory  System  - SEOS).  This  would  provide  tlie  ultimate  system  insofar  as  fre- 
quency of  coverage  is  concerned.  Another  idea  of  merit  is  that  of  developing  a pointable  ob- 
serving system  with  a very  high  spatial  resolution  capability  in  the  10-15  meter  range.  This 
would  allow  viewing  of  slowly  changing  situations  where  high  resolution  is  needed  (e.g.  hydro - 
logic  land  use),  or  views  of  "targets-of -opportunity"  where  high  spatial  resolution  is  needed 
such  as  flooded  areas,  while  reducing  the  ^ta  processing  problem  to  manageable  proportions. 
Further  time  and  study  will  be  necessary  in  order  to  determine  if  the  investment  necessary  to 
implement  these  systems  is  warranted. 

Visible  and  infrared  systems  are  limited  by  cloud  cover  and  their  inability  to  penetrate 
materials  such  as  snow,  soil,  and  vegetation.  Microwave  observations  can  penetrate  cloud 
cover  and  other  media  and  these  observations  are  sensitive  to  changes  in  the  dielectric  prop- 
erties of  materials.  The  dielectric  properties  of  soil  aird  snow  are  primarily  a function  of 
water  content.  These  characteristics  of  microwave  observations  dictate  that  a water  resources/ 
hydrology  remote  sensing  program  should  investigate  thoroughly  the  applicability  of  microwave 
observations.  Progress  along  tliis  line  of  endeavor  is  desci’ibed  by  Ulaby  (1977).  Table  3 in- 
dicates that  several  systems  involving  active  and  passive  microwaves  are  scheduled  for  the  not- 
to-distant  future  that  will  provide  some  very  interesting  data  for  remote  sensing  applications 
research. 


7.  CONCLUSIONS 

Substantial  progress  has  been  made  in  meeting  the  requirements  of  the  water  resources 
management/hydroiogy  communities  as  expressed,  for  example,  by  the  World  Meteorological 
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Organization.  Visible  and  infrared  observing  capabilities  on  spacecraft  are  applicable  where 
the  monitoring  of  snowcovered  area,  liydrologic  land  use,  and  the  area  and  near- surface 
layer  turbidity  of  water  bodies  are  considered  to  be  important.  Because  of  success  in  Quan- 
tifying tlie  information  content  of  remotely -sensed  observations  and  demonstrating  tlieir  util- 
ity in  watershed  models,  the  transfer  of  technology  process  is  continuing  in  quasi-operational 
tests  concerning  the  use  of  the  Landsat  system  and  tlie  monitoring  of  snowcover  area  and 
hydrologically -relevant  land  use.  Improved  spaceborne  observing  systems  are  expected  to  be 
in  operS;ion  in  1981  that  should  increase  the  applicability  of  visible  and  infrared  remote  sens- 
ing. In  terms  of  new  areas  of  applications  research  the  microwave  portion  of  the  electromag- 
netic spectrum  appears  to  offer  substantial  jpotential  for  providing  fundamental  hydrologic 
measurements. 
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ABSTRACT 

A perspective  on  the  implementation  of  microwave  sensors  in  future  airborne 
and  spaceborne  observations  of  hydrologic  parameters  is  presented.  The  rationale 
is  based  on  a review  of  the  status  and  future  trends  of  active  (radar)  and 
passive  (radiometer)  microwave  research  as  applied  to  the  remote  sensing  of  soil 
moisture  content,  snowpack  water  equivalent,  freese/thaw  boundaries,  lake  ice 
thickness,  surface  water  area,  and  the  specification  of  watershed  runoff  coeffi- 
cients. Included  are  analyses  and  observations  based  on  data  acquired  from 
ground  based,  airborne  and  spaceborne  platforms  and  an  evaluation  of  advantages 
and  limitations  of  microwave  sensors. 


1.  INTRODUCTION 

Among  the  electromagnetic  windows  available  to  satellite  remote  sensing  of 
the  earth's  surface,  the  microwave  window  is  particularly  suited  to  the  monitor- 
ing of  hydrologic  parameters.  From  the  standpoint  of  requirements  that  should 
be  met  by  an  operational  remote  sensing  system  designed  to  provide  useful 
hydrologic  information,  microwave  sensors  can  provide  the  following*. 

a)  Sensitivity  to  Vfetness;  Liquid  water  is  by  far  the  most  influential 
single  terrain  parameter  in  the  terrain-microwave  interaction  process. 

The  backscattering  coefficient,  a° , and  emissivity,  e characterizing 
respectively  the  radar  and  radiometer  responses,  are,  in  general, 
governed  by  the  geometrical  and  electrical  properties  of  the  terrain 
under  investigation.  Because  of  the  high  microwave  permittivity  of 
liquid  water  relative  to  that  of  dry  matter,  the  permittivities  of 

soil,  vegetation  and  snow  are  strongly  dependent  on  their  watercontents. 
This  dependence  on  water  content  influences  in  turnthe  scattering, 
absorption  and  emission  properties  of  terrain,  as  discussed  in  more 
detail  in  Section  2. 

b)  Weather  Independence;  The  ability  to  make  timely  obscrvation.s  unham- 
pered  by  cloud  cover  is  important  to  most  hydrologic^ applications ; 
examples  include  the  delineation  of  flooded  areas  while  flooding  is 
in  progress  and  the  monitoring  of  soil  moisture,  snowpack  wetne.ss_ 
and  the  movement  of  the  freeze-thaw  boundary  on  a regular  repetitive 
basis  so  that  the  information  can  be  fed  into  appropriate  watershed 
runoff  prediciton  models  for  water  resources  management.  A simple 
example  is  provided  in  Table  1 to  illustrate  the  insensitivity  of 
microwaves  to  clouds;  whereas  the  transmissivity  through  a one  Km 
thick  cloud  characterized  by  a visibility  of  610  m is  approximately 
0.001  in  the  visible  band  and  0.2S  in  the  infrared  band,  the  trans- 
missivity is  higher  than  0.99  in  the  commonly  used  part  of  the 
microwave  spectrum  (A  >.3.6  mm). 


TABLE  1.  COMPARISON  OP  VISIBLE,  INPRAREI)  AND  MICROWAVE  ATTENUATION 
CdB/KilO  AND  TRANSMITTIVITY  OF  A 1 Km  THICK  WATER  CLOUD 
WHOSE  OPTICAL  VISIBILITY  IS  610  in  [1]- 


Paramete  r 

Visible 

(0.6  iim] 

Infrared 
(10  pm] 

Hi  c r 0 AV  a V e 

(3.2  imnj 

(8.6  mnij 

(7.5  m\) 

Attenuation 

(dB/Km] 

30 

6 

0.13 

2.2  X 10’^ 

3 X 10"'^ 

Transmissivity 
of  1 Km  Thick 
Cloud 

0.001 

0.25 

0.97 

0.99 

0.99 

c]  Spatial  Resolution:  The  spatial  resolution  capability  of  a passive 

microwave  sensor  is  dictated  by  the  altitude  of  the  platform  and  the 
antenna  beamwidth,  the  latter  being  governed  by  the  ratio  of  the 
wavelength  to  the  antenna  size.  Hence  the  utility  of  microwave 
radiometers  is  limited  to  applications  whose  spatial  resolution 
requirements  are  of  the  order  of  tens  ol  kilometers;  as  examples, 
the  ground  resolution  at  nadir  was  25  Km  for  the  1.55  cm  wavelength 
Electronically  Scanning  Microwave  Radiometer  (ESMR)  flown  aboard 
Nimbus  5 and  15.5  Km  and  117  Km  for  the  2.16  cm  and  21.4_cm  wavelength 
radiometers  flown  aboard  Skylab,  respectively.  Active  microwave_ 
imaging  systems,  on  the  other  hand,  can  provide  fine  resolution  imagery 
(from  satellite  altitudes)  compatible  with  the  requirements  for  monitor- 
ing flooded  areas,  drainage  basin  characteristics,  and  soil  moisture 
variations  over  small  watersheds  or  fields. 

Among  the  sensors  to  be  flown  on  SEASAT-A  in  1978  is  a 22  cm  wavelength 
(L-Band)  synthetic  aperture  imaging  radar  capable  of  producing  wide  swath 
imagery  with  a spatial  resolution  of  25  m or  better.  Similar  specifications 
are  currently  under  consideration  for  a dual -frequency  imaging  radar  to  be  used 
on  selected  shuttle  flights  to  evaluate  its  capabilities  for  land  applications. 


2.  STATUS  REVIEW 

The  objective  of  this  section  is  to  evaluate  the  response  of  active  and^ 
passive  microwave  sensors  to  key  hydrologic  parameters,  and  hence  assess  their 
utility  for  water  resources.  Ample  documentation  of  the  general  physical 
principles  governing  emission  and  scattering  by  terrain  is  now  available  in 
several  texts  and  manuals  [1-3],  along  with  the  engineering  design  and  construc- 
tion considerations  associated  Avith  the  implementation  of  radar  and  radiometer 
systems.  These  aspects  are  not  discussed  herein;  instead,  emphasis  is  placed 
on  the  major  developments  in  microAvave  research  as  applied  to  hydrology  during 
the  past  feAv  years.  Following  a revicAv  of  these  developments,  a summary  chart 
will  be  provided  for  easy  reference. 

2.1  SOIL  MOISTURE 

Soil  Moisture  content  is  a fundamental  parameter  of  the  earth's  environment; 
it  is  a key  input  into  numerous  agricultural,  hydrologic  and  meteorological 
models  including  crop  yield  prediction,  flood  forecasting,  runoff  prediction  for 
assessing  Avatershed  yield  and  planning  and  reservoir  management  models,  among 
others. 

The  strong  sensitivity  of  the  microAvave  backscatteri ng  coefficient  and 
einissivity  e to  soil  moisture  variation  has  been  Avell  demonstrated  by  numeroAis 
investigations  [4-21]  at  a variety  of  wavelengths,  angle  if  incidence  and 


polarizations.  Ihe  accuracy  with  which  soil  moisture  can  be  estimated  howevf.r 
i.s  subject  primarily  to  two  other  natural  variables,  soil  surPn  e rouvhneTs  am? 
vcsetation  cover,  and  to  a lesser  extent,  to  soil  typo,  lienee  the  ohiectiv^nr 
microwave  investigations  of  soil  moisture  during  the  past  decade  ha.s  been  to  ^ 
ascoitain  the  optimum  combination  of  sensor  parameters  (wavelength! s)  'inele  of 
incidence  range  and  polarization(s) ) for  minimizing  the  effects  of  surPice 
roughness  and  maximizing  penetration  through  vegetation  while  maintainini  oonl 
sensitivity  to  soil  moisture  content.  An  additional  objecuU  has  iUcni  t^ 
establish  an  estimate  of  the  effective  depth  of  the  soil  surface  layer  that  is 
lesponsible  for  the  observed  microwave  backscatter  or  emission  so  tliat  an 
estimate  of  the  total  water  within  a given  soil  column  can  brmade. 

Passiv e Microwave 

re.sponse  to  soil  moisture  has  been  extensively 
investigated  fi om  ground-based  and  airborne  platforms  and  to  a limited  extent 
from  spaceborne  platforms.  The  effect  of  surface  roughness  on  the  Liissi^uJ' 
ra  iin  investigated  by  Minn  and  Quadc  [14]  who  after  measuring  the 

aiid  31  smooth  surfaces  at  1.42  GHz.  10.6S5  GHz 

and  31.4  GI1„  (21  cm,  2.8  cm  and  0.95  cm  wavelengths,  respectively)  ‘they  measured 
the  re.sponse  as  a function  of  furrow  .spacing  for  fixed  moistures  ’Thei^  resuUs 
indicate  that  the  emissivity  s increases  with  furrow  spacing  and  that  the  rate 

furrow  .spacing  is  the  .smallest  at  the^longest  wavelength 

CnorizoSrind  Vertical!®  ?ho  Polarizations  employed  in  thfir  measurements 
Uiorizontai  and  Vertical),  the  horizontally  polarized  emissivity  was  slivhtlv 

less  sensitive  to  furrow  spacing.  A similar  set  of  exporimenrt  we  e conductL 
by  Texas  Af,M  University  [18]  at  1.42  GHz  and  10.69  Gllz^  ThTantenna  ^~ature 
of  bare  as  well  as  vegetated  fields  was  measured  as  a function  of  moisture  con- 

thr ee  di ff erent  surface  roughness  conditions.  The  1.42  GHz  data 
indicatestrong  sensitivity  to  moisture  for  each  of  the  surface  roughness  con 

combined  data,  although  with  a iLe? 

tC  the  0 1 cm  depict.s  the  response  of  the  antenna  temperature  (normalized 

defiild°bj  uLtonM:?]™^^^^'^  temperature)  to  equivalent  soi?  moisture 

shown  cover  a wide  range  of  soil  .surface  roughness,  from  an 
extremely  smooth  surface  to  a very  rough  (plowed)  soil  surface  The  spread 
in  the  normalized  antenna  temperature  is  attributed  to  surface  roughness  ‘ A 

developed  by  Burke  and  Paris  [22]  suggests  that 'the 
ff  cts  of  surface  roughness  can  be  partially  removed  througli  the  use  of  the 
sum  and  difference  of  the  horizontally  and  vertically  polarized  emissivities 

?eSo?LrM/schmCLn^  by  Newton  [18]  as  well  as  an'analysis 

T n®  ■ ^ °f  aiTborne  data  confirm  the  potential  utility 

of  the  Bui ke  and  Ians  approach.  Additional  data  are  required  before  a thorourh 
evaluation  of  the  model  can  be  made,  howerver.  icquircu  oeiore  a thorough 

made  botrirthe^rs''^  M moisture  have  been 

maae  Dotn  inthe  u.h.  [19,20,23]  and  in  the  Soviet  Union  [24.251  The  airr-rTft 

re.sults  confirm  the  ground-based  observations  that  longer  wavelragths  are  nrefer 

able  for  the  remote  sensing  of  soil  moisture  because  of  thetriower  L-nsitivitr 

to  surface  loughnoss  and  greater  capability  to  penetrate  through  vegetation  ^ 

canopies.  Schmugge  [20]  reports  that  the  1.55  cm  wavelength  microiJve  S™ 

emissivity  heavrso??.‘^n''-"f  fli.>lhts  in  1972  indicate  that  the  microwave 

sen^itivltv  rJinnM  clay  content)  exhibits  a considerably  weaker 

soils  Thn  moisture  content  by  weight  than  the  emissivity  of  light 

conrt;t  ?n  on  soil  type  was  then  removed  by  expressing  soil  moisture 

content  in  unit.s  of  percent  of  field  capacity  of  the  soil.  Ueterminatiorof 

? yvcn  field  was  accomplished  through  the  use  of  the  following 
empirical  relation  generated  by  Schmugge  [20];  xoiiowing 


field  Capacity  = 25.1  - 0.21  x .SAND  + 0.22 


X CLAY 


(1) 


rira^MotTr  represent  their  respective  soil  fractions  in  percent.  Figure 

tent  L^the  temperature  data  as  a function  of  moisture  con- 

yp  ^ t'le  soil  e.xpressed  as  a percent  of  field  capacity  fiOl 

fne  data  includes  airborne  measurements  of  bare  fields  made  during  1972  Ld  1973 


flights  over  agriculturnl  test  sites  around  Phoenix,  Arizona  and  in  the 
Imperial  Valley  of  Southern  California. 


It  should  bo  pointed  out  that  part  of  the  scatter  observed  in  Fioures  1 
and  i and  in  succeeding  figures  depicting  the  microwave  (active  or  passive) 
response  to  soil  moisture  is  due  to  uncertainty  in  the  soil  moisture  "groiind- 
truth  determination.  In  most  cases,  the  average  of  a few  soil  samples 
(typically  four)  is  used  to  characterize  the  moisture  content  of  the  field  under 
observation.  Soil  surfacoconfiguration  and  soil  texture  inhomogeneity  can 
cause  large ^ spatial  variations  in  moisture  content  across  a given  field  (2S  261’ 
the  coefficient  of  variability  can  be  as  high  as  0.5  for  the  top  1 cm  layer  of 
tne  soil.  Thus  characterizing  the  moisture  of  an  entire  field  by  the  average 
of  a few  sample  points  can_ introduce  considerable  error.  Because  soil  moisture 
is  a dynamic  variable,  it  is  essential  that  the  soil  samples  be  acquired  during 
a very  short  interval,  approximately  contemporaneous  with  the  microwave  obser- 
vations. _ Hence  the  number  of  samples  acquired  in  support  of  the  microwave 
ity'^considerationr*°^^^^  ^ compromise  between  the  spatial  and  temporal  variabil- 

radiative  transfer  models  [8,22,27]  have  been  applied  to  estimate 
the  effective  depth  of  the  soil  layer  responsible  for  the  observed  sensor 
(passive  and  active  microwave)  response.  Although  the  various  predictions  do 
not  agree  quantitatively,  researchers  in  this  field  agree  with  the  qualitative 
theoretical  predictions  which  state  that  penetration  depth  (of  the  soil)  a) 
deci eases  with  moisture  content  and  b)  Increases  with  wavelength.  According 
o^Schmugge  [20]  and  Batlivala  and  Ulaby  [9  ],  the  observed  sensor  response 

conditions  is  due  to  moisture  in  a surface  layer 
thickness  vanes  (inversely  with  moisture  content)  between  0.1  and  0 3 

wavelength.  Newton  [18]  predicts  a wider  range  extending  between 
1 cin  (0.051)  and  21  cm  (lA)  at  21  cm  wavelength.  In  either  case,  for  appli- 
cations where  estimates  of  the  moisture  content  at  deeper  layers  are  needed 
(such  as  for  crop  yield  prediction  models),  the  soil  moisture  in  the  top  surface 
layer,  as  measured  by  a microwave  sensor,  has  to  be  used  in  combination  with 
soil  moisture  budget  models  to  provide  estimates  at  greater  depths. 

A vegetation  canopy  is  a lossy  dielectric  which  acts  as  an  attenuator  of 
the  radiation  emitted  by  the  underlying  soil  as  well  as  a self  emitter.  Field 
measurements  [18]  as  well  as  airborne  observations  [20]  show  that  the  effects  of 
the  vegetation  cover  can  be  minimized  by  operating  at  the  longer  wavelengths  in 
the  microwave  region.  In  Figure  3 [20]  airborne  observations  of  the  brightness 
temperature  of  vegetated  fields  (small  grains  and  alfalfa  up  to  20  cm  high)  at 
wavelengths  of  21  cmand  1.55  cmare  compared;  the  longer  wavelength  radiometer 
IS  clearly  superior  in  terms  of  its  response  to  soil  moisture  as  evidenced  by 
the  steeper _ slope  and  the  smaller  degree  of  scatter  of  the  data  points  around 
the  regression  line.  ^ 

Because  of  the  poorspatial  resolution  capabilities  of  microwave  radio- 
meters,  it  has  been  difficult  to  evaluate  the  performance  of  spacoborne  passive 
microwave  sensors  so  far  as  their  sensitivity  to  soil  moisture  is  concLned! 
fcagleman  [28]  reports  very  high  correlation  coefficients  (>  0.95)  between  the 
brightness  temperature  as  measured  by  the  21  cm  and  2.1  cm  wavelength  radio- 
meters flown  aboard  bkylab  in  1973  and  soil  moisture  content  in  the  surface 
2.5  cm.  The  results  cannot  be  considered  conclusive,  however,  because  of  the 
+ f Ihrgc  ground  footprints  (approxi- 

ma  ely  10,000  Km  and  200  km^  for  the  21  cm  and  2.1  cm  radiometers,  respectively) 
by  a few  soil  samples.  ’ ^ 


In  a separate 
ture  contour 


larate  .Study  reported  by  Schmugge  et,  al.  [29] , a brightness  tompera- 
^ (Figure  4) ^wp  generated  with  ESMR  data  for  the  Hississippi 

Valley  following  a period  of  heavy  rain  over  the  area  in  July  1973.  The  region 
of  low  brightness  temperature  (shaded  in  Figure  4)  is  the  relatively  flat  land 
on  either  side  of  the  river  which  corresponds  to  an  outwash  aquifer  where 
unconsolidated  sand  and  gravel  deposits  are  capable  of  storing  large  amounts  of 
ground  water.  Taus,  for  gross  resolution  mapping  of  soil  moisture,  passive 
microwave  sensors  can  bo  very  valuable. 


Active  Microwave 

„ 4.  response  to  soil  moisture  content  has  been  extensive] y investi- 

gated by  the  University  of  Kansas  [4-10 J using  a truck  mounted  1 -Is  011^150^  67 
cm  wavelength,  respectively)  Active  Microwave  Spectrometer  (MAS)  system  The’ 
sensitivity  to  soil  moisture  content  and  the  accuracy  with  ’it  c^uid  be 

estimated  were  evaluated  for  both  bare  and  vegetation-covered  fields  The 
objective  of  the  bare  field  experiments  was  to  determinrihf onlimum'r -dir 
parameters  (wavelength,  angle  of  incidence  range  and  polarization  configuration) 

of  several  fields  with  considerably  different  surface  roughness  conditions  A 
notable  difference  between  the  two  experiments,  however  wafsoiltJiS^h; 

^’^feted  on  fields  with  high  clay’content  (49()  wherLs 
the  1975  fields  contained  only  175i  clay.  Although  both  experiments  provided 

answers  in  terms  of  optimum  radar  parameters  for  sensing  soil  moisture 
content- -microwave  frequency  around  4.75  GHz  (A  = 6.3  cm)  and  7° -17°  01121^01 
incidence  range  (relative  to  nadir) --the  observed  sensitivity  of  a°  to  moisture 
content  wa.s  somewhat  different  for  the  two  experiments  (Figure  5)  Upon  con- 
verting  moisture  content  from  volumetric  moisture  content  to  percent  of  field 

capacity  which  incorporates  the  soil  textural  differences,  the  sensi?iv  lies 
became  almost  identical  (Figure  6).  ^casiiivixios 

1 This  approach  was  adapted  from  Schmugge  [20]  according  to  Fauasion  1 The 
“JSifioJt  cootflcie„t"Ltiee,l  tho  rada?  JacScahoHis 

i^O  84  capacity  for  the  combined  1974  and  1975  data 

f Considering  the  uncertainty  associated  with  the  measurement  of  0° 

(standard  deviation  * 0.9  dB  relative  to  the  mean)  and  the  unc“in?y  Lsoci- 
measurement  of  moisture  content  (standard  deviation  as  high  as 
t 0.5  relative  to  the  mean),  the  results  are  statistically  very  significLt 

•4.1,  to  providing  optimum  sensor  parameters  for  sensing  soil  moistin-e 

sis^or?he’r,P^F  University  of  Kansas  investigation  included  a compfrative  analy- 
sis of  the  performance  of  different  system  configurations  by  evaluating  the  ^ 
uncertainties  associated  with  the  estimation  of  foil  moiftuL  ^ aflctive  micro- 
imve  sensor  due  to  such  factors  like  surface  roughness  and  surfaces] oj^  Fol 
e.xample,  a Avavelength  of  25  cm  is  preferred  to  the  proposed  6 . 3 cm  wavelength  so 
far  as  penetration  through  vegetation  is  concerned,  but  the  data  acquired  at 
25  cm_ wavelength  show  that  the  correlation  between  a°  and  moisture  contLt  is 

over"'a°  at  25‘"cm°irr''^^°"  fi-3.cra  wavelength  (0.70  compared  to  0.84).  More- 
6 sensitive  to  angle  of  incidence  variations  than 

0 at  6.3  cm,  which  would  result  in  larger  errors  in  the  predicted  soil  moisture 
value  due  to  the  uncertainty  in  the  assumed  value  of  surfalfflopl 

perrormance'^in’’tp™«°nr^-f^^^^^  is  desirable  to  characterize  the  sensor 

rfpec?f?eH  er  capability  to  classify  soil  moisture  correctly  into 

indlcale  Ihs?  intervals.  The  results  of  such  a test  (Figure  7) 

indicate  that  radar  can  correctly  classify  moisture  into  four  intervals  with  ^ 

of  optical  r far  exceeds  the  current  capabilities 

f optical  and  infrared  sensors  (even  under  clear  sky  conditions)  as  well  as 
the  predictions  of  conventional  techniques  based  on  climatological  Lta? 

platfo^ms''du^t^rbp^^  have  not  yet  been  confirmed  from  airborne  or  spaceborne 

lack  of  radar  systems  operating  at  the  wavelength  deter- 
devefnrin°^^^ft’^x  by  the _ground-based  systems.  NASA/JSC  is^currently 

P ® ^ 6;3  cm  wpelength  airborne  scatterometer  for  conducting  soil  ^ 
moisture  experiments  in  1978.  uucLiiig  son 

determined  the  active  microwave  response  to  soil  moisture  for  the 

vege^itlof  ^ovJr  f Kansas  study  proceeded  to  examine  the  effects 

t^t^tion  cover.  Radar  backscatter  measurements  of  fields  grown  with  wheat 

1975’ [9?^  ^It^was^nh^^”  were  made  as  a function  of  time  between  May  and  September, 
( ].  It  was  observed  that  the  correlation  coefficient  between  the 
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Hll-polarized  a°  and  soil  moisture  varied  between  0.6  for  the  case  where  -all 
crop  types  were  included  in  the  analysis  to  about  0.9  for _ indiYiclual _ crop  typos. 
The  llV-polarized  data  provided  a someAvhat  better  correlation  w'ith  moisture 
content  (0.76)  for  the  all  crop  case.  The  use  of  a two-dimensional  vector 
consisting  of  HH  and  HV  4.25  GHz  data  can  correctly  classify  moisture  content 
of  vegetation  covered  soil  (into  four  intervals)  with  80  percent  accuracy  [10]. 

Although  no  detailed  airborne  investig^-cions  have  yet  been  reported  of_ 
active  microwave  response  to  the  soil  moisture  content  underneath  a vegetation 
canopy  an  observation  was  made  of  the  difference  between  dry  soil  and  soil 
undergoing  irrigation  in  1971  while  conducting  radar  observations  of  agiicul- 
tural  fields.  During  a flight  by  the  NASA/JSC  1’3A  aircraft  over  a test  site 
near  Garden  City,  Kansas,  measurements  were  acquired  by  a 13.3  GHz  scatteroraeter 
from  several  fields  each  of  which  was  found  (from  aerial  photography  and  field 
crew's  reports)  to  contain  sections  into  which  irrigation  water  was  flowing 
and  sections  ready  for  irrigation  but  not  yet  wetted  [30].  I-or  each  of  these 
fields  the  effect  of  the  irrigation  on  the  radar  return  appeared  to  produce  a 
difference  of  about  7 dB  at  angles  within  40“  from  naidr.  An  e.xample  is  given 
in  Figure  8 [30]  where  the  measured  a“  curves  for  the  irrigated  and  non- 
irrigated  sections  of  a corn  field  are  shown.  Since  all  ground  conditions, 
except  for  soil  water  content,  were  similar  over  the  entire  field,  the  differ- 
ences in  a°  can  only  be  attributed  to  the  effect  of  moisture. 

The  test  site  consisted  of  706  fields,  of  which,  on  the  basis  of  ground 
truth  information,  687  were  judged  as  dry  and  19  were  judgedas  wet.  Some  of 
the  fields  in  the  test  site  were  bare  ground  while  the  majority  were  planted 
with  corn,  sorghum,  alfalfa,  sugar  beets  and  wheat.  Figure  9 shows  the 
average  o°  curves  for  each  of  these  two  sets  as  a function  of  incidence  angle 
[30].  The  results  clearly  demonstrate  the  capabilities _ of  radar  in  separating 
dry  terrain  from  wet  terrain  under  a variety  of  vegetation  cover. 

2.2  SNOW  WETNESS 

Detailed  quantitative  investigations  of  the  microwave _ response  to  snow  have 
been,  for  the  most  part,  confined  to  ground-based  observations . _ Dry  snow  and 
ice  exhibit  low  loss  characteristics  in  the  microwave  region  v;hich  permit  con- 
siderable penetration  at  the  longer  wavelengths  ( :^  6 cm).  At  21  cm  wavelength, 
for  example,  only  a small  change  in  brightness  temperature  was  observed  by  Meier 
and  Edgerton  [31]  between  no  snow  and  1.59  m of  dry  snow  cover  over  an  aluminum 
plate.  In  contrast,  the  0.8  cm  wavelength  radiometer  showed  an  increase  of 
over  170  K.  Measurements  made  as  a function  of  snow  water  equivalent  indicated 
that  the  0.8  cm  wavelength  radiometer  is  again  much  more  sensitive  to  snow 
parameters  than  the  longer  wavelength  systems.  As  part  of  the  same  study,  it 
was  observed  that  the  0.8  cm  wavelength  brightness  temperature  changed  by  about 
70°K  between  1000  hours,  at  which  time  the  snowpack  was  cold  and  dry,  and  1500 
hours  by  which  time  over  2 percent  of  the  surface  layer  was  in  liquid  water 
form  (Figure  10) . 

Results  of  active  microwave  observations  of  snow  confirm  the  general  trends 
noted  above  for  the  passive  microwave  sensors.  Measurements  of  the  scattering 
coefficient  of  soil  in  the  4-30  cm  wavelength  range  with  and  without  a 15  cm 
layer  of  dry  fresh  snow  cover  indicated  no  measurable  change  due  to  the  presence 
of  the  snow  [32].  For  wet  snow,  o“  indicated  a strong  sensitivity  to  snow  water 
equivalent  (Figure  11) , although  it  was  suspected  that  c°  was  actually  respond- 
ing to  the  snow  liquid  water  content  (which  was  not  measured).  In  a recent 
(March  1977)  experiment  conducted  in  Colorado,  it  was  confirmed  that  a“  responds 
most  strongly  to  liquid  water  content.  Moreover,  i.t  was  also  observed  ..hat  the 
angles  of  incidence  away  from  nadir  provide  better  sensitivity  to  snow  wetness 
and  that  the  sensitivity  increases  with  microwave  frequency.  The  observed 
frequency  dependence  of  the  snow  penetration  depth  points  to  the  potential 
use  of  multi-wavelength  microwave  sensors  to  reconstruct  the  depth  profile 
of  the  snowpack  liquid  water  content. 


( 


reported  by^'Kimsi°er  srau-quantitotivo  analysis 

ornturo  data  ncquir^l  iy  iSe ^Nis-P^^mlc^Lavo  l’H«htness  ternp- 

spoctral  signatures  for  snow  sea  ice  and  i an  i . ‘ ^ ^ ‘■'r  (NldlS)  to  dei  ine 

Among  their  findings  was  tiT^osbervaUon  tl Creenland  and  Antarctica, 
ont  was  always  higher  than -0  4 K/h’l]-’  for  i -nu  ^ J’' ’ temperature  gradi- 
lower  than  -0.4  K/CHz  for  ir  nd  si.  fare,  L ^ el'«)^s 

that_"niultifrcquency  remote  sensing' can  boused  tc^jnar’snor 

and  ICC  coverage  over  water"  [.^.'5|.^  ^ ^ cover  over  land 

2.5  IVATHRSm-l)  RIJNOPF 

tro]''structuro.s’'on^^aLrshcds'^^'^l^ 

drainage  basin  including  basin  area  ‘ netioi-r  1 eLtl7  " 

vegetation  cover  and  land  use  features  amm.  stream  segments, 

stream  networks  with  imaging  rada-r  has ’been feasibility  of  mapping 
[29, .55]  most  notably  the  ,s?udv  brilc^L  by  several  studies  " ^ 

content  provided  by  the  radar^imagc  is\'aiVivaVe^i  '-^ ^ information 
t at  of  a l:24,000"topograJhlc  S:^  ‘^illustraL  “thJ 

look  direction  to  overcome  the  masking  effect  of  shadow.s 


ni 


to 

nse  of  multiple 
mountainous  areas. 


The  use  of  microwave  radiometw  ac  a 
of  watersiieds  was  investigated  by  lUanchar.I  “STiniate  runoff  characteristics 

by  a 2.S  cm  wavelength  seaming  radiom^^^^^  “f  ^ata  acquired 

Chickasha,  Oklahoma^  indic™^  st^on " de,  nn  1^'"  °"’r"  watersheds  neJr 

temperaturc  difference  (between  vorticaf^an^^i  ^ P°li“‘-izcd  brightness 

coefficient.  A similar  invesMvaT  n^  horizontal  polarizations)  n runoff 

r.dnr,  but  tbc  dat.  havc'rrjirj"" 

2.4  SURFACl-  IVATFR  AND  FLOOD  fLimNC 

Mnppin^  surface  water  bodies  fnnnri*?  ini-rtt? 
useful  under  tlio  general  framework-^  o f I'-’iso-,-  ^ > rivers,  etc. 

of  vegct.ition,  the  discrimination  between  \ '"i'i|i'R'-'"’cnt.  In  the 

microwave  sensors  is  made  on  the  ba^-'is  of  rho  [ V‘rr  •‘^i'i’P^‘-'cs  by  pas 

between  w'ator  and  land  at  all  mlcrnwnvn  r ^ni’ge  difference  in  cmissi 
particularly  appealing  because  of  ti.ei ’ bongcr  wavelengths 
bilities  and  because  bie  difference  in  penetration 

surfaces  increases  with  wavelength  Likm-i  1 ^ ^ 

bodies;  in  virtually  all  casef  water  is  ’ ways  map  wate 

return  (tone)  on  radar  imagerj:  Produce  a much  imve 
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cover  conditions  is  extrcmely^useful  sLce^’such°^  inundated  areas  under  cloud 
conducting  relief  efforts,  assessing\oss  of  life 

the  extent  of  the  flood  plain  Mannino  fiLin^  , 1 Property  and  delineating 

illustrated  in  Firure  1 • t-hr.  i 1 1 flooded  land  with  radar  imarerv  is 

Hooding  was  in  pl-ogress.*  On  ihc^radi]  iina^'y+f  through  a cloud  cover  nliilo 

oppo.r  hlack,  cohefpouding  ,o'!.'L,;“fia;K?„°t«?  "" 

2 . 5 LAKll  I CR 

systerfknLrafp^Jj^ct'fce™  information 

Navigation  Program  [37].  lH.:.warn  assists  vessoi's*^  • ^ Lakes  Winter 

and  around  the  ice  by  providing  the'vesshrwitb%^7  navigating  both  through 
airborne  radar  (SLAR)  images  along  with  iJtcrnrltai^vo'"-'''"''®,  sidelooking 

communication  network  (Figure  14)  In  addiH^n  i ^ 

tion  and  aerial  extent  of  the  ice  coiner' in  ^>'P‘^>  ^°<-'a- 

a 2.8  GHz  short  pulse  non-imaging  radar  is  use  i i bakes  fi-om  the  .SLAR  imagery, 
an  accuracy  of  + 2.5  cm  fro.  aUitS  nn  v ? measure  ice  thickness  iwih 

implemented  durTng  the  1974-75  winter%esse  ‘ Icewarn  was  first 

of  the  Great  Lake!,  shiunine  time  in  the  history 
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To  evaluate  the  potential  use  of  SEASAT-A's  L-band  (22  cm  wavelength) 
imager  as  a tool  to  classify  arctic  lakes,  several  airborne  investigations 
were-  conducted  during  the  past  five  years  with  L-band  and  X-band  C3.2  cm) 
imaging  radars  [39-43].  Particularly  significant  are  the  results  of  a 1976 
investigation  which  included  field  examination  (ice  and  water  thickness,  salin- 
ity of  the  ice  and  water,  etc.)  of  a selected  number  of  lakes  on  the  North 
Slope  of  Alaska  [43].  Analysis  of  the  imagery  in  conjunction  with  the  ground 
truth  data  revealed  that  "in  all  cases  the  sites  that  show  strong  return  are 
not  frozen  completely  to  the  bottom,  while  the  sites  that  show  weak  return  are" 
[43] . The  image  shown  in  Figure  15  illustrates  this  difference  in  the  radar 
return.  Moreover,  the  differentiation  between  the  two  cases  is  appreciably 
greater  on  the  longer  wavelength  (L-band)  imagery,  which  is  att'-ibuted  to  the 
lower  conductivity  losses  of  the  ice. 


3.  THE  FUTURE 

Substantial  progress  has  been  realized  in  the  management  of  water  resources 
by  applying  remote  sensing  data  acquired  by  LANDSAT  1 and  2 and  NOAA  VIIRR 
systems.  By  employing  visible,  near  infrared,  and  thermal  infrared  sensors, 
the  spatial  distribution  of  snow  cover,  surface  water,  land  use,  and  flooded 
areas  can  be  delineated,  provided  weather  conditions  permit  it.  Two  very 
important  hydrologic  parameters  --  soil  moisture  content  and  snow  wetness  -- 
are  not  amenable  to  direct  sensing  by  visible,  near  infrared,  and  thermal 
infrared  systems,  however,  while  they  are  amenable  to  microwave  sensors  under 
both  clear  and  cloud-cover  conditions. 

According  to  economic  studies  conducted  to  evaluate  the  annual  benefits 
provided  by  LANDSAT  [44,45]  hydrologic  applications  rank  in  third  place,  after 
vegetation  resource  management  applications  and  geology.  The  status  of 
hydrologic  applications  can  be  substantially  improved  through  the  use  of  a 
spaceborne  microwave  system  consisting  of  multi-frequency  passive  and  active 
sensors.  Because  of  their  inherent  poor  resolution  capabilities,  the  passive 
microwave  sensors  would  primarily  serve  in  a complimentary  capacity. 

The  status  review  presented  in  the  previous  section  indicates  that  sub- 
stantial work  is  still  needed  in  several  areas;  proven  capability  of  microwave 
sensors  has  been  demonstrated  in  the  cases  of  surface  water,  lake  ice,  and 
drainage  basin  topography,  followed  by  strong  evidence  of  capability  in  the 
areas  of  soil  moisture  and  snowpack  monitoring.  Table  2 is  a summary  of  the 
active  microwave  system  requirements  as  they  pertain  to  individual  water 
resources  parameters  or  applications.  It  is  a slightly  modified  version  of  the 
table  generated  by  the  Microwave  Planning  Panel  of  the  Active  Microwave  Users 
Workshop  in  August,  1976  [46].  The  overwhelming  majority  of  the  system  require- 
ments given  in  Table  2 can  be  met  by  a dual- frequency  dual-polarization  imaging 
radar  complemented  by  a dual -frequency  dual-polarization  scanning  radiometer. 

The  only  firm  requirement  on  the  longer  wavelength  radar  is  set  by  the  soil 
moisture  monitoring  application.  Table  3 is  a proposed  system  configuration 
which  integrates  the  requirements  of  Table  2 (with  a certain  degree  of  compromise) 
with  the  status  of  microwave  remote  sensing  research  as  it  pertains  to  hydrologic 
para;.'.' ters . Such  a system  will  not  only  provide  useful  information  for  hydro- 
logic  applications,  it  will  also  serve  other  application  areas  including 
agriculture,  geology  and  oceanography. 
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Figure  1:  Normalized  antenna  temperature 

or  bare  soil  at  1.4  GHz  versus  Equivalent 
Soil  Moisture  Content,  Newton  [18]. 


BRIGHTNESS  TEMPERATURE,  KELVINS 


Figure  2:  Brightness  temperature  o£  bare 

fields  at  21  cm  wavelength  versus  percent 
of  field  capacity  in  the  top  1 cm  soil 
layer  [20]. 
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Figure  4:  A brightness  temperature  contour  map  of  the  lower  Mississipp 
Valley  using  the  data  of  22  January  1973.  The  contour  interval  is  lO^K, 
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Figure  5:  Backscattering  coefficient 

as  a function  of  moisture  content, 
measured  volumetrically  in  the  top 
1 cm  of  the  soil,  1974  data  is  for  soil 
with  49%  clay  while  the  1975  data  is 
for  soil  with  only  17%  clay.  The 
horizontal  bars  represent  one  standard 
deviation  around  the  mean  soil  moisture 
measured  in  the  field. 


Figure  6:  Same  as  Figure  5 except 

moisture  is  expressed  as  percent 
of  field  capacity 
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Figure  7:  The  probability  of  correctly  classifying 

soil  moisture  plotted  as  a function  of  moisture  groups, 
Batlivala  and  Ulaby  [9] 
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Figure  S:  ScaUering  coefficient  as  a function 

of  incidence  angle  for  irrigated  and- 
non"irrigated  sections  of  a corn 
field  . Dickey,  et.  a) . [30]  . 


Figure  9:  Average  scattering  coefficient  as  a 

function  of  incidence  angie  for 
irrigated  and  dry  terrain  , Dickey, 
et.  al.  [30]. 


Figure  1,0:  MEASURED  CHANGE  IN  BRiGHTNESS  TEMPERATURE  WITH  APPEARANCE  OF  UdUlD  WATER 
Graph  shows  microwave  emission  at  0.8  cm,  ‘i5°  viewing  angle  for  a snowpack  ^ srti^ 
as  a function  of  time.  Prior  to  1200  hours,  the  whole  snowpack  was  cold  and  dry. 
By  1500  hours  appreciable  liquid  water  had  appeared  in  upper  layers  but  lower  part 
of  snowpack  was  relatively  dry.  Snow  density  517  kg/m3,  thickness  0.8  m.  Crater 
Lake,  Oregon,  March  22,  1970,  Meier  and  Edgerton  [31]- 
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Figure  12:  The  utility  of  radar  for  drainage  mapping  is 

clearly  illustrated  by  the  above  K-band  image  of  Trinchera 
Creek,  Colorado.  HultipU  views  increases  the  amount  of 
streat  detail  In  mountainous  terrain,  McCoy  [3^1. 


RADAR  FLOOD  MONITORING 


THROUGH  CLOUDS 


AT  NIGHT 


ower  Line, 


Flooded  Land 


Figure  13:  Radar  Image  cf  the  1973  Missouri  River  Flood  near  St.  Louis 


Figure  14:  Schematic  of  the  Great  Lakes 
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(Project  Icewarn{,  Schertler  et.al.  [3 


153*4ffW 


153»24'  W 


Not  Frozen  Complelely 
to  the  Bottom 

4 m Deep!  Frozen  Con^letely 
^ Bottom 

Naluakruk  Leke 


153»48' W 


near  Smith  Bay  on 


r 


4 M 


UTILIZATION  OP  REMOTE  SENSING  OBSERVATIONS 
IN  HYDROLOGIC  MODELS 

Robert  M.  Ragan 

Department  of  Civil  Engineering 
University  of  Maryland 


INTRODUCTION 


The  planning,  design,  and  management  of  water  resource  systems  must  recon- 
cile a complex  array  of  conflicting  demands.  Thus,  decision  makers  working  on 
water  resource  problems  must  use  every  aid  available  to  them  as  they  anticipate 
the  consequences  of  their  actions.  A very  Important  phase  of  the  water  resource 
decision  making  process  involves  the  use  of  hydrologic  models  to  simulate  the 
streamflQws  or  water  quality  parameters  under  different  conditions.  For  example, 
as  part  of  the  proces.s  of  deciding  whether  to  install  a series  of  small  reser- 
voirs distributed  throughcut  the  watershed  as  opposed  to  one  large  reservoir 
on  the  main  stream,  the  decision  makers  would  use  a hydrologic  model  to  examine 
the  changes  that  each  action  would  have  on  the  frequency  of  flooding  and  the 
accompanying  economic  damages. 

There  is  a wide  range  of  hydrologic  models  available  today.  Many  of  these 
models  are  structured  in  such  a way  that  remote  sensing  has  little  or  no  appli- 
cation with  them.  Models  calibrated  against  historical  stream  flow,  for  example, 
would  be  in  this  class.  Hovfever,  the  recent  emphasis  on  environmental  concerns 
and  the  increasing  conflicts  placed  on  the  use  of  a limited  water  resource  has 
lead  to  the  development  of  a family  of  computer-based  models  that  simulate  the 
behavior  of  the  various  components  of  the  runoff  cycle.  Many  of  these  models 
require  input  parameters  that  center  on  land  covers  and  are  appropriate  for_ 
Interfacing  with  remote  sensing  capabilities.  The  advantage  of  a model  having 
parameters  defined  in  terms  of  land  cover  is  that  it  allows  experimentation 
with  alternate  forms  of  watershed  development  and  the  assessment  of  future 
changes  that  might  occur.  The  basic  approach  with  such  a model  is  to  calibrate 
it  to  reflect  the  hydrologic  or  water  quality  consequences  of  an  existing  land 
cover  pattern.  Once  the  decision  maker  is  satisfied  that  the  model  adequately 
represents  the  system,  he  then  has  a tool  which  allows  him  to  experiment  and 
evaluate  the  Impact  of  changes  that  he  might  be  considering.  Unfortunately, 
estimating  parameters  in  terms  of  land  cover  when  areas  in  excess  of  several 
square  kilometers  are  involved  is  a difficult  and  time  consuming  task. 
Frequently,  parameter  estimating  problems  lead  decision  makers  to  adopt  simpler 
models  requiring  less  detailed  Input  data  or  to  inadequately  define  the  data 
required  by  the  model. 

Experiences  with  the  economic  and  time  requirements  of  defining  input  data 
have  had  a major  Impact  on  recent  trends  in  model  structure.  Our  inability  to 
define  input  data  is  actually  taking  us  backwards  in  the  state-of-the-art  of 
the  models  themselves.  In  the  1960's  and  early  1970 's  we  evolved  from  the  very 
simple  empirical  models  developed  many  years  ago  to  very  complex  computer-based 
simulators.  Now,  we  are  actually  going  back  to  more  simple  models  because  of 
our  inability  to  either  define  or  manage  the  input  data.  Figure  1,  shows  a 
schematic  of  one  of  the  more  popular  models  proposed  for  urban  studies,  that 
developed  by  the  Environmental  Protection  Agency  (1971) • In  this  model,  the 
user  simulates  the  behavior  of  the  overland  flow  process,  infiltration,  flow 
down  a gutter,  and  flow  through  a pipe  from  a small  urban  sub-watershed. 

Early  users  found  that  they. had  great  difficulty  defining  the  data  required  by 
this  model.  As  an  example  of  the  problem,  McPherson  (1970)  has  explained  that 
Milwaukee,  Wisconsin  having  an  area  of  246  square  kilometers  has  more  than 
2,200  kilometers  oi  storm  and  combined  sewers.  With  catch  basins  spaced 
approximately  every  150  meters,  the  use  of  the  EPA  model  shown  in  Figure  1 
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would  lu^qulre  the  definition  of  all  of  tlio  flow  elements  for  as  many  as  1^1, hOO 
inlet  watersheds.  On  the  planning  li'vel,  this  simply  is  not  a reallstln  tank. 

As  a result  j urban  water  i-esource  planners  are  now  mlErailnt’;  toward  jnodols 
similar  to  the  Simplified  EPA  Model  (1976)  sliown  sehematlcally  in  Elgure  2. 

All  of  the  flow  pi'ocessus  In  this  model  have  been  lumped  Into  one  e.oef fluiont 
thvit  simply  subtracts  a loss  function  from  the  rainfall  Input.  It  Is  believed 
that  recent  developments  In  remote  sensinR  technalogy  will  allow  water  resource 
decisJon  makers  to  use  a model  that  Is  somewhere  between  tht>se  two  extremes. 

PARAMETER  DEEINITIONS  EOR  HYDROLOGIC  MODELS 

Traditionally,  many  Ijydroloelc  models  have  been  deslRned  to  use  map  data 
and  published  meteorological  Irifoi'matlon  for  pai’ameter  definition.  One  family 
of  models  which  I’oly  heavily  on  map  data  are  those  based  on  regi’ession  analysis. 
Many  studies  have  shown  that  the  concepts  of  hydrology  atid  guomorphology  can 
be  blended  to  develop  equations  for  estimating  the  discharge  associated  with 
a recurrence  interval  oX'  T year’s,  Q,|,.  Typically,  tlxese  studies  relate  measur'ed 
flows  from  a number  of  watersheds  in  a clunatlc  region  to  tupogi’aphie  variabJes, 
that  can  be  readily  determined.  The  equations  are  usually  of  the  form 

= AX®  Xg  X®  (1) 

whore  A,  B,  C,  and  D are  nuraen’lcal  constants.  Borne  oX’  tht>  most  commonly  used 
variables,  l,ncludo  the  drainage  area,  main  channel  length,  surface  storage, 
elevation,  drainage  density,  vegetation,  slope  and  soil  type.  Many  of  the 
equations  have  large  standard  errors  and  are  of  little  practical  value.  Others 
such  as  those  developed  by  Thomas  and  Benson  (1963)  to  ostlinate  mean  annual 
flows  in  the  Potomac  River  Basin  give  excellent  results  and  show  that  i-eglonal- 
latlon  studies  have  a high  potential  of  value  as  our  undex'-atandlng  the  physical 
processes  and  our  ability  to  measure  those  processes  Improves. 

A wlde.ly  used  model  that  has  an  excellent  potential  for  modification  to  be 
i’einote  sensing  compatible  is  that  developed  by  the  Boll  Oonsei’vation  ‘lervice 
(SOS)  (1972).  This  model,  or  more  accurately  family  of  models,  computes  direct 
runoff  tlu’ough  a sot  of  curves  that  were  develcyped  from  field  studies  that 
measured  runoff  fi'om  numerous  watersheds  liavlng  different  land  covei'-soll  com- 
plexes. Tn  essence,  these  curves  I’opi’osent  a runoff  coefficient  that  Is.  a 
function  of  the  distribution  of  land  covers  and  soil  types.  The  BOB  defintxs 
four  soil  typos  ranging  from  low  to  high  runoff  potential.  The  soils  for  an 
area  are  defined  from  an  SOS  developed  county  soil  map  while  the  land  covers 
must  be  determined  from  aerial  pXiotography  or  groxuid  surveys.  Table  1 is  an 
example  of  the  land  cover  categories  used  by  this  model. 

Another  model  that  cxm  bo  lntc=’rfaced  with  remote  sensing  is  STORM  (Storage. 
Treatment,  Overflow,  Runoff  Model)  developed  by  the  Corps  of  Englneex's(1976) . It 
Is  intended  for  use  as  a planning  model  ixi  wlilch  a wide  array  of  watershed 
management  alternatives  can  be  screened  very  rapidly.  This  model  is  a contin- 
uous streamfiow  generator  that  produces  simulated  hourly  dlaehai’ges  fox’  an 
entire  period,  of  record.  One  version  of  STORM  is  much  like  l.he  BCS  model  while 
a second  xxses  a basic  runoff  equation  given  as 

Q = 0 (p-f)  A (2) 

where  Q Is  a stormwater  I’unoX'f  rate  in  Inches  per  hour,  T is  the  average  hourly 
perclpltatlon,  A Is  the  watershed  area,  f la  the . depression  storage,  and  C is 
a runoff  coefficient  defined  as 

C = Op  (1-lMP)  + G.J.  (IMP)  . (3) 

C is  a coefficient  for  the  pervious  area,  0.^  is  a runoff  coefficient  for  the 
Impervious  areas  and  IMP  is  the  fx’aeblon  of  the  watershed  that  is  lmpei’vl<nis . 


The  SGS  related  version  of  STORM  uses  the  land  use  designations  presented  in 
Table  1 while  the  other  option  requires  the  percentages  of  the  watershed 
devoted  to  single  unit  residential , multi-residential , commercial,  industrial, 
and  open  space.  As  with  the  SCS  models,  current  practice  has  the  percentages 
of  the  land  covers  being  determined  by  planimetering  from  air  photos.  Repre- 
sentative Imprevlousnesses  associated  with  each  of  the  land  covers  are  then 
determined  by  detailed  analysis  of  typical  areas  within  each  category. 

MODEL  MODIFICATIONS  FOR  REMOTE  SENSING  CAPABILITY 

Hydrologists,  as  with  many  professionals  concerned  with  earth  resources, 
are  frequently  hesitant  to  adopt  a remote  sensing  tool  because  of  its  resolu- 
tion, especially  when  Landsat  is  being  considered.  Often,  this  hesltantcy ’ Is 
unjustified  because  of  the  accuracy  of  the  model  and  its  ability  to  correctly 
reflect  the  impact  of  variations  in  a particular  parameter.  For  example,  even 
when  we  correctly  Identify  an  area  as  being  single  unit  resldental  housing, 
the  primary  parameter  with  which  we  are  concerned  is  the  percent  of  impervious- 
ness of  this  area.  Numerous  studies  have  shown  that  iraperviousness  varies 
widely  within  a residential  area  even  though  the  housing  density  may  be  rela- 
tively constant.  Thus,  when  a hydrologist  uses  representative  values,  such 
as  an  average  imperviousness  for  single  unit  residential  housing,  he  must  re- 
cognise that  he  cannot  apply  his  model  to  extremely  small  areas  if  his  results 
are  to  be  meaningful.  When  one  recognizes  that  pax-ameters  based  on  averages 
cannot  be  used  on  small  areas  the  resolution  of  the  pictui''e  element  becomes 
less  important.  Saloraonson,  Ambaruch,  Rango  and  Ormsby  (1975)  have  presented 
an  excellent  discussion  of  the  interaction  betx^reen  model  sensitivity  and  para- 
meter estimation  with  remote  sensing. 

Another  factor  that  must  be  considered  when  deciding  how  to  define  input 
data  to  a model  is  the  basic  limitation  of  our  knowledge  of  the  processes  we 
are  trying  to  simulate.  We  have  to  ask  ourselves  the  question  that  if  we  could 
develop  perfect  data,  is  our  understanding  of  the  process  sufficient  to  give 
us  exact  results.  The  hydrologist  who  understands  his  model  recognizes  that 
simplifications  have  had  to  be  made  to  the  equations  in  order  to  obtain  solut- 
ions within  the  stox'’age  and  running  times  available  on  conventional  computers. 
With  such  an  understanding  one  can  make  informed  decisions  concei'>nlng  the  im- 
pact that  different  approaches  to  parameter  definition  will  have  on  model  per- 
formance. 

The  SCS  model,  whose  land  cover  input  requirements  are  described  in  Table 
1,  is  an  emplricial  model  based  on  field  observations  from  throughout  the 
United  States.  As  a result,  the  curve  numbers,  or  runoff  coefficients,  are  not 
unique  values.  Rather,  the  curve  numbers  represent  avei'’ages  that  are  subject 
to  a significant  standard  error.  Recognizing  that  this  error  existed,  Ragan 
and  Jackson  (1976)  reduced  the  land  covers  of  Table  1 to  that  of  Table  2 which, 
as  many  studies  have  shown,  can  be  defined  by  computer  aided  classiilcatlon 
of  Landsat  data. 

The  model  STORM  is  especially  attractive  for  modification  to  a remote 
sensing  capability  because  of  the  limited  land  use  requirements  mentioned  in 
the  text  following  equation  3.  Actually,  the  quantity  component  of  this  model 
does  not  even  need  land  cover  to  make  the  model  function.  The  key  parameter  is 
the  percent  of  Impervlouaness  which  Ragan  and  Jackson  (1976)  have  shown  can  be 
estimated  with  Landsat. 

It  is  also  possible  to  modify  the  regression  type  models  illustrated  by 
equation  1.  In  this  approach,  one  recognizes  that  it  may  not  be  possible  to 
measure  watershed  area  from  Landsat  or  other  remote  sensors.  However,  it  is 
possible  to  measure  parameters  that  are  highly  correlated  with  the  area.  For 
example,  numerous  geomorphorlc  studies  have  shown  that  stream  length  and  ax-ea 
are  highly  correlated  within  a region.  Rango,  Poster,  and  Solomonson  (1975) 


some  Sglonf measured  quite  accurately  from  Landsat  in 
regions.  inus,  in  using  remote  sensing  one  would  not  attemot  to  inoflcnir-p 
area  Rather  one  would  measure  the  length  Sf  the  main  sLeam  or  Le  total 

the  regression  equation  wltr^hif p2Le?^f  in 
stead  or  area.  The  author  believes  that  there  is  an  excellent  ootent3a?for 

“ ‘“'O  “ rather 

EXPERIENCES  WITH  REMOTE  SENSING  BASED  MODELS 

= t-irst  hydrologists  to  experiment  with  the 

a _ , existing  model  to  one  that  was  more  appropriate  for  remote 

using  Table  1,  Blanchard  estimated  runoff  curve  numbers 
Sies  of  f reflectance  measurements  obSed  to  f 

sateTTitp  Landsat  multispectural  scanner  (MSS).  The 

runoff  numbers  were  compared  with  those  computed  from  measured 

concluded 

in  a Jtudv  conducted  further  experiments  with  the  SCS  model 

in  a study  on  a 5^  square  km.  watershed  in  the  suburbs  of  Washineton  no  rn 
this  experiment  a local  government  used  l:f)800  aerial  photographs  and  detailed 

1 »e?3  iSirs“ja“o  Site 

a synthetic  flood  frequency  series  for  peak  flows  having  recurrence  intervals 
between  two  and  one  hundred  years.  A second  team  used  NASru-2  color  InSld 
Photogrphy  blown  up  to  a scale  of  l:2il000.  Land  covLs  defied  by  Lblfl 

Shed  frnSTondsfi-%-  frequency  series.  A third  team  classified  the  water- 

SS  Covers  listed  if  Tab!  general  soil  map  in  accordance  with  the 

4-  xi?  Table  2.  Table  3 compares  the  dischax’ges  and  resultinp' 

paiLSn?  w“rSS™e?r™"oirSl5e'  «>1= 

A much  more  extensive  comparison  between  the  results  obtained  with  cnn 

Ind  ShSSntkl  (19?6)  Jackson,  Pitch, 

tained  to  coLucra  wat"^rs^h^  a consulting  engineering  firm  had  been  re- 

TO  ^ M??  TO  ^ watershed  planning  study  on  the  highly  urbanized  “50  souare 
this  moL  ^ watershed  in  the  Virginia  suburbs  of  WaLlngton,  D.  C.  1^ 

responsibilities  to  their  client,  the  consultine  firm  used 
the  best  available  conventional  data  to  define  parameters  requlrlc.  b^s™ 

Which  was  operated  to  examine  the  impact  of  a number  of  flood  control  alterna- 
evaluate  the  utility  of  Landsat  MSS  data  as  a tool  fo^ 
resources  planning  the  consultant  then  ran  STORM  under  the  same 

the^tourdata^hasPd''®^''T’"®H  obligations  to  his  client,  but  with 

S STORM^Mss^n=.n^r  estimated  parameters.  The  conventional  version 

flow^daL  Thtoardspf  ^Sainst  both  existing  land  cover  and  historical  stream- 
uneaeJd  aAd  baLd  ?h«  • version  of  STORM  considered  the  watershed  to  be 

ungaged  and  based  the  input  parameters  on  existing  land  cover  and  strearaflow 

Jn“stabS"l'a9)6)  ■“  S=te»!“2S 

w!!  " n ^ ^ is  a comparison  of  STORM  parameters  estimated 

Landsat  based  techniques.  Although  these  parameters 
differ  slightly,  the  synthetic  flow  frequency  curves  and  discharge  hydroFranhs 
compared  extremely  well.  Perhaps  the  most  important  elemenroFthis  studfS 
the  data  presented  in  Table  5 which  shows  the  reducv^on  1^^°^!  MoS  dLares 
that  could  be  expected  by  various  flood  control  techniques.  BoS  ver^iTof 
the  model  show  very  little  to  be  gained  by  on-site  detLtion  storage  irthif 
p r icular  watershed  while  a major  gain  was  obtc\ined  by  channelization  and 
removing  obstruction^  stream  network.  The  conclusion  was  that 

If  the  modeling  process  had  been  conducted  using  Landsat  based  rather  than 
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conventionally  defined  parameters  in  STORMj  the  decisions  concerning  which  con- 
trol alternatives  to  adopt  would  have  been  the  same. 


^ Suk  (1977)  are  continuing  to  experiment  with  the  use  of  Tanacspi- 

data  to  define  parameters  in  the  hydrologic  model  STORM.  Their  current  ex- 
p riments  are  being  conducted  on  the  Trail  Creek  Watershed  near  Atlanta 

watershed  in  California.  In  alStion tfthe 
modeling  Alpzi  and  ouk  are  experimenting  with  new  pattern  recognition  technl 

important  need  for  the  initial  phases  of  water  resource  investiBatlon<? 
a remote  sensing  based  model  that  can  estimate  monthly  flows  from  wate-^shed 

SStaJ'tf Ormsby,\nd7L;er(197?)  Led 

^ cover  required  for  a model  that  Is  an  outgrowth  of 
the  SCS  models.  They  also  used  low  altitude  aerial  photography  to  estimate 
land  cover  changes  during  the  period  1963  - 197').  As  shown  L^Pipure  3 the 

usL^the°LtSal  land’^us^f  encouraging.  The  curves  labfled  I'that 

w ^ ^ ^ year,  as  obtained  from  the  aerial  photopraohv 

iateLLd  satisfactorily  reproducing  the  behavior  L thi 

f 5 how  the  monthly  discharges  would  have  been 

beLLoLofLL  Curve  C shows  the 

of  record  rshed  if  current  land  use  had  been  present  for  the  period 

_„+.^  Of  component  in  models  used  to  synthesize  monthly  flows  Is  an 

iLd  KhLraLfiq77?LL°b  transpiration  (E-T)  taking  place  In  the  water- 
snea.  Khorram  (1977)  has  been  experimenting  with  a remote  sensing  based  In- 

LrSLe  nf  Ln-  ®®f“ating  E-T  for  a series  of  watersheds  ln®cLlLrLa. 

data  ShlleLtJL  estimates  on  Landsat  and  NOAA  satellite 

data  While  other  phases  use  aerial  photography.  The  exoerlment  i*?  in  r\T.n 

fLLLooLs!"^  initial  results  Indicate  fha?  Lis  LLLLL^haf  aLlgLpLtLtfar 

’"f-'^'°^,?-ttraction  of  remote  sensing  based  hydrologic  models,  espeoiallv 
those  using  digital  information  such  as  Landsat,  is  the  ability  to  work  from^ 

L LfLdictlL  Is  clas^f^^a  advantage  of  this  approach,  an  entire  area 

eLkcted  as  nLLd  information  on  individual  watersheds  is 

extracted  as  needed  from  the  overall  data  base.  Schecter  (3976)  has  described 

™ develop  ten  land  cover  categories  for  the  1750  square 

ef  Governments  in  North  Carolina.  In  that  approach 

ttL  SSkaer?MS''Lf'“‘‘-;^  “=  ™"  ooS«?™rSS’ 

ylenfaces  tnis  data  with  digital  files  containing  soil,  slope  and  rain- 

of  the  quanlty  and  quality  of  runoff 

using  the  EPA  Storm  Water  Management  Model.  There  are  a number  of  other  1uris- 
dictions  that  are  currently  involved  in  similar  taskL 

ooptiL  world,  such  as  the  Western  United  States,  a large 

portion  of  the  available  water  comes  as  runoff  from  the  snow  pack.  Ranpo^ 

SdelLLL  hLe  hLfrf  and  Range  and  Itten  (1976)  describe  regression 

models  that  have  been  developed  for  several  areas  that  relate  area  of  snow 

seasonal  streamflow.  The  paper  by  Rango  that  appears  elseLeL  In 
^ proceedings  provides  additional  information  on  these  experiments. 

hydrology  hypothesizes  that  only  a small 
portion  of  the  wateished  actually  produces  runoff  during  periods  of  rainfall, 
flow  major  departure  from  the  traditional  concepts  that  have  overland 
place  across  all  areas  of  the  watershed  and  moving  toward  the 

Oration  capacity  of  the  soil  has  been  satisfied. 
Ishaq  (197i|)  conducted  field  studies  on  a series  of  watersheds  to  examine  the 

orlScraltLololLLrL^^^''^^  concept.  Ishaq  used  densitometric  analysis 
01  aircraft  color  infrared  imagery  to  show  a correlation  between  transmittance 
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and  zones  of  high  moisture  content  which  he  was  able  to  define  as  being  "the 
hydrologically  active"  portions  of  the  basin.  Figure  M shows  the  "hydrolog- 
ically  active"  areas  of  one  of  his  watersheds  that  were  delineated  with  the 
remote  sensing  technique.  The  relatively  small  portion  contributing  runoff  In 
this  watershed  is  very  striking  and  consistent  with  the  theoretical  and  experi- 
mental findings  obtained  by  other  investigators  using  different  techniques. 

TIME  AND  COST  COMPARISONS 

The  economics  and  manpower  requirements  associated  with  the  use  of  con- 
ventional and  various  remote  sensing  techniques  in  hydrologic  modeling  is  quite 
limited.  The  Pour  Mile  Run  Study  of  Ragan  et  al  (I976)  required  110  man  days 
at  a cost  of  $19,000  to  develop  the  parameters  for  STORM  using  1:3600  color 
aerial  photographs.  Development  of  STORM  inputs  using  computer  aided  classifi- 
cation of  Landsat  digital  data  and  limited  photographic  sampling  required  6.9 
man  days  at  a cost  of  approximately  $2350.  When  large  areas  Involving  numerous 
watersheds  are  Involved,  the  economic  attractiveness  of  Landsat  becomes  dramatic 
The  land  cover  data  base  reported  by  Schecter  (1976)  was  developed  for  approxi- 
mately $9.00  per  square  mile. 

Experiences  with  the  Four  Mile  Run  Study,  experiments  with  the  SOS  Model, 
and  discussions  with  other  investigators  indicate  that  savings  of  50  to  75 
percent  can  be  achieved  with  well  designed  remote  sensing  approaches.  The 
decision  on  sensor  use  is  heavily  dependent  on  the  operations  of  the  organiza- 
tion involved  and  the  value  of  the  results.  An  organization  that  has  access 
to  a large  number  of  non-paid  college  interns  can  afford  to  use  1:9900  aerial 
photographs.  Another  organization  that  must  account  for  technical  manpower 
at  $12.50  per  hour  (including  overhead,  etc . ) may  quickly  decxae  to  uum  to 
Landsat  or  U-2  photography. 

We  must  also  spend  more  time  on  the  development  of  techniques  that  will 
allow  us  to  make  Informed  estimates  of  the  price  that  we  should  he  willing  to 
pay  for  remote  sensing  based  on  the  use  we  will  get  from  it.  An  example  of 
such  an  effort  was  included  as  part  of  the  Four  Mile  Run  Study  as  Jackson  and 
Ragan  (1975)  used  Bayesian  Decision  Theory  to  estimate  the  inter-relationships 
amoung  sensor  accuracy,  product  price,  and  the  economic  consequences  of  errors 
on  the  watershed  management  decisions.  There  are  too  many  instances  of  input 
data  to  a model  either  being  over  or  under  defined. 

FUTURE  DIRECTIONS 

A major  need  in  hydrologic  modeling,  especially  those  models  supporting 
operational  decisions.  Is  the  capability  to  estimate  soil  moisture.  The  work 
Schmugge  (1979)  and  Idso,  Jackson,  and  Reglnado  (1975)  indicates  that  thermal 
inertial  and  microwave  techniques  will  someday  meet  this  very  important  re- 
quirement. This  will  be  a major  step  beyond  our  current  approaches  that 
estimate  changes  in  soil  moisture  from  an  ill-defined  initial  condition  based 
on  rneterological  data. 

The  better-  models  have  parameters  that  are  based  on  the  hydrologic 
responsiveness  of  the  soils.  We  can  anticipate  improvements  in  our  ability 
to  make  hydrologic  soil  classifications  with  remote  sensing  technology. 

Wong,  Thornburn  and  Khoury  (1977)  have- been  experimenting  with  the  merging  of  : 
remote  sensing  and  digital  terrain  data  to  identify  soils  within  a region  of 
similar  climatic  and  geologic  characteristics.  It  is  widely  recognized  that 
soil  types  are  reflected  by  vegetative  cover  characteristics,  surface  geo- 
metery  and  drainage  characteristics.  The  blending  of  remote  sensing  and 
terrain  data  offer  great  promise  as  an  automatic  technique  of  soil  classifica- 
tion at  least  to  the  level  required  for  hydrologic  work.  Landgrebe  and  his  no- 
workers (197^)  had  successful  results  in  the  use  of  Landsat  to  identify  general 
soil  types  in  parts  of  Indiana  and  Kansas.  Also,  Hltchcok,  Cox,  Baxter  and 
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Smark  (1975)  have  shown  that  Landsat  derived  land  cover  and  soil  data  can  be 
successfully  overlayed  by  digital  techniques  to  Improve  our  understanding  of 
the  inter-relationship  of  these  parameters.  A number  of  other  experlmentors 
have  shown  similar  capabilities  for  interfacing  data  of  different  sources. 

Because  no  single  remote  sensor  will  ever  satisfy  all  the  needs  of  hydro- 
logic modeling j the  ability  to  efficiently  interface  data  from  a number  of 
sources  is  paramount  to  this  success  in  the  endeavor.  Considerable  progress 
has  been  made  in  this  area  and  it  can  be  anticipated  that  significant  new_ 
break  throughs  will  be  occuring  because  of  the  intensity  of  the  effort  being 
applied  to  the  Interfacing  problem. 

Remote  sensing  may  lead  us  to  a new  de.'lnltion  of  a sub-watershed  type. 
Instead  of  trying  to  manage  data  on  sub-watersheds  based  on  their  true  geo- 
graphical boundaries,  perhaps  our  simulation  will  be  done  through  the  linkage 
of  a series  of  rectangular  cells  distributed  throughout  the  watershed.  Salmon, 
Denouvillie,  Chart,  Wolley  and  Cadou  (1963)  developed  the  concept  storing 
watershed  data  in  a square  grid  system  for  computer  simulation  of  the  runoff 
processes.  Their  work  has  not  received  wide  attention  in  the  hydrologic 
community,  but  with  a move  into  remote  sensing  their  approach  could  achieve 
new  importance. 


CONCLUSION 

Most  of  the  remote  sensing  related  work  in  hydrologic  modeling  has  -■  u -^red 
on  modifying  existing  models  to  take  advantage  of  the  capabilities  of  ntw^ 
sensor  techniques.  There  have  been  enough  success  with  this  approach  to  Insure 
that  remote  sensing  is  a powerful  tool  in  modeling  the  watershed  processes. 
Unfortunately,  many  of  the  models  in  use  were  designed  without  recognizing  the 
growth  of  remote  sensing  technology.  Thus,  their  parameters  were  selected  to 
be  map  or  field  crew  definable.  It  is  believed  that  the  real  benefits  will 
come  through  the  evolution  of  new  models  having  new  parameters  that  are 
developed  specifically  to  take  advantage  of  our  capabilities  in  remote  sensing. 
The  ability  to  define  hydrologically  active  areas  could  have  a significant 
impact.  The  ability  to  define  soil  moisture  and  the ' evolution  of  new  techniques 
to  estimate  evoportransportation  could  significantly  modify  our  approach  to 
hydrologic  modeling.  Still,  without  a major  eductlonal  effort  to  develop  an 
understanding  of  the  techniques  used  to  extract  parameter  estimates  from,  remote 
sensing  data,  the  potential  offered  by  this  new  technology  will  not  be  achieved. 
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Table  1 

Runoff  Curve  Numbers  for  SCS  Model 
(from  SCS  (1975)) 
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TABLE  2 

Runoff  Curve  Numbers  for  Land  Cover  Delineations 
Definabie  from  Landsat. 

Land  Use  Description  Hydroiogic  Soil  Group 
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FIGURE  3 

Comparison  of  Computed  Streamflow  with  Observed 
Streamflow  on  Western  Branch  of  the  Patuxent  River, 
Maryland 

(from  Holton  et  al  (1977)3 


LfCENO 


FIGURE  4 

Hydrological ly  Active  Areas  of 

Lowery  Creek  Watershed  i 

(from  Ishaq  (1974))  ■ 
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THE  IMPACT  OF  REMOTE  SENSING  ON  UNITED  STATES'  GEOGRAPHY 

THE  PAST  IN  PERSPECTIVE,  PRESENT  REALITIES,  FUTURE  POTENTIALS 

John  B.  Estes,  John  R.  Jensen,  and  David  S.  Simonett 

Department  o£  Geography 
University  of  California 
Santa  Barbara,  California 


INTRODUCTION 

This  paper  examines  some  impacts  of  remote  sensing  - still  a relatively 
new  technology  - on  geography,  a discipline  which  traces  its  origins  back  to 
the  beginning  of  learning.  As  geographers  deeply  involved  in  this  new  technol- 
ogy, and  with  a vision  of  its  future  value  to  our  discipline,  we  are  concerned 
at  the  modest  Impacts  of  remote  sensing  on  some  major  research  areas  in  geo- 
graphy. Even  acknowledging  that  in  a broader  view  of  things,  its  impact  on 
geography  has  been  as  great  or  greater  than  in  other  disciplines,  does  not  al- 
leviate our  concerns  over  the  following:  Ij  few  senior  academics  in  geography 

have  research  underway  in  remote  sensing,  2)  economic  geographers,  who  consti- 
tute a sizable  body  of  geographically  trained  professionals,  have  virtually  noth- 
ing to  do  with  remote  sensing,  3)  even  fewer  regional  geographers  - notable 
among  them  those  with  interests  in  the  less  developed  countries  - have  remote 
sensing  as  a research  professional  interest,  and  4)  although  there  has  been  a 
growth  in  the  number  of  remote  sensing  related  courses  offered  by  departments 
of  geography  this  has  not  been  accompanied  by  an  increase  in  research  publi- 
cation in  major  geographic  journals. 

In  the  following  pageswe  examine  these  concerns  along  with  some  encourag- 
ing signs  such  as  the  relative  strength  of  remote  sensing  among  physical  geo- 
graphers and  especially  among  cartographers.  To  set  the  stage  for  these  dis- 
cussions we  first  give  a brief  history  of  remote  sensing  within  geography.  The 
current  status  of  remote  sensing  within  the  profession  is  then  examined  for 
academics  and  to  a lesser  degree  the  government  and  private  sectors.  The  paper 
concludes  with  an  extended  discussion  of  the  ability  of  remotely  sensed  data 
to  provide  information  within  the  context  of  the  explanatory  forms  [Harvey, 

1969)  employed  by  geographers.  This  is  accomplished  within  the  framework  of 
the  questions:  1)  What  does  remote  sensing  permit  the  geographer  to  do  now 
better  than  he  has  been  able  to  do  in  the  past?  2)  What  does  remote  sensing  per- 
mit  the  geographer  to  do  now  that  he  may  have  been  unable  to  do  in  the  past? 
and;_3)  What  may  remote  sensing  enable  us  to  do  in  the  future  which  could  be  of 
significance  to  the  academic  and  professional  geographers? 


THE  PAST  IN  PERSPECTIVE 

kirk  Stone  in  his  chapter  "Developing  Geographical  Remote  Sensing"  in  Estes 
and  Senger's  book  Remote  Sensing  Techniques  for  Environmental  Analysis,  identi- 
fies the  following . five  phases  in  the  development  of  geographical  remote  sensing 
(Stone,  1974) : 

• slow  recognition  that  the  first  photographs  taken  from  the  air  had  util- 
ity for  mapping; 

• a brief  period  of  experimental  use  of  air  photos  for  mapping  various 
physical  and  cultural  landscape  elements  coupled  with  rapid  wartime 
development  of  air  photo  interpretation  as  a sophisticated  intelligence- 
gathering technique; 
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• the  extension  of  peacetime  uses; 


• a fourth  phase  with  primary  emphasis  on  the  applied  use  of  air  photo  in- 
terpretation in  geography; 

•more  recently,  the  adjustment  of  these  applications  to  the  expansion  of 
data  gathering  and  analysis  into  nonvisible  regions  of  the  electromag- 
netic spectrum  (EMR) . 

Although  aerial  photography  had  been  available  for  some  40  years,  it  was 
around  the  beginning  of  the  century  that  geographers  in  the  United  States  began 
to  realize  the  potential  of  air  photos  as  an  aid  to  geographic  research.  Dur- 
ing World  War  I,  those  in  military  units  began  to  see  significant  peacetime 
uses  for  the  early  military  coverage.  The  first  major  geographic  publication 
on  the  subject  was  the  American  Geographical  Society's  Special  Publication 
No.  4,  The  Face  of  the  Earth  as  Seen  from  the  Air,  by  Willis  T.  Lee,  published 
in  1922"!  This  book  introduced  American  geographers  to  the  concept  of  viewing 
"familiar  scenes  froma  new  angle,"  i.e.  the  aerial  perspective.  Other  pioneer- 
ing works  of  the  period  include  Joerg's  "The  Use  of  Airplane  Photography  in 
City  Geography"  (1923)  and  Johnson  and  Platt's  Peru  from  the  Air  (1930).  In 
the  1920 's  aerial  photography  in  the  United  States  was  acquired  for  topographic 
mapping  purposes.  This  quickly  became  the  dominant  use  of  air  photos.  Inter- 
preters working  with  these  photos  stressed  the  cartographic  aspects  of  the 
coverage.  This  effort  led  to  the  long-term  program  of  photographing  the  entire 
United  States  at  regular  intervals  beginning  about  1930. 

1920-1950 

The  plan  to  photograph  the  whole  nation  originally  had  two  primary  objec- 
tives. One  was  the  medium-scale  topographic  mapping  of  the  whole  nation.  The 
other  was  large-scale  localized  mapping  for  official  payments  based  on  the 
acreages  of  individual  fields  to  farmers  participating  in  crop  payment  programs 
During  this  period  American  geographers  experimented  with  this  photography  with 
regard  to  both  systematic  topics  and  areal  differentiation.  Geographers  began 
to  take  photos  to  the  field  trying  to  determine  causes  of  observable  differen- 
ces in  texture  and  tone.  An  article  by  Russell,  Forester  and  McMurry  (1943) 
is  considered  a classic  example  of  utilizing  aerial  photography  for  an  overall 
inventory.  The  use  of  air  photos  also  continued  in  small-scale  geographic 
studies  (Rich,  1942;  Light,  1944).  In  addition,  an  article  by  Stone  (1948)  on 
Alaskan  vegetation  keys  illustrated  the  interpretation  of  small-scale  coverage 
(1:35,000  to  1:50,000)  for  land  classification. 

As  the  Department  of  Agriculture  obtained  additional  coverage,  few  geo- 
graphers experimented  with  them.  Roscoe  (1960)  attributed  this  early  reluc- 
tance to: 

• the  lack  of  geographic  training  in  interpretation  techniques  and  the 
relative  difficulty  of  acquiring  coverage; 

• the  multiple  objectives  of  geographic  investigations  and  the  fact  that 
some  geographers  might  avoid  the  use  of  aerial  photos  because  they  could 
not  identify  all  images  contained  therein;  and 

•last  and  potentially  most  important,  the  lack  of  commercial  demand  for 
the  geographer's  interpreted  product. 

It  is  probable,  however,  that  some  of  the  lack  of  application  probably  reflect- 
ed changes  in  the  basic  objectives  of  American  geography;  strong  physical  em- 
phases were  weakening  in  favor  of  more  culturally  oriented  man-land  focuses 
(Stone,  1974).  During  this  period,  European  geographers  were  also  putting  air 
photos  to  use.  The  status  of  air  photo  interpretation  and  aerial  photos  in 
ecologic  research  by  Troll  (1939  and  1943)  and  air  photo  and  geomorphologic 
research  by  Bobek  (1941)  are  important  contributions  to  the  literature. 

During  World  War  II,  air  photo  interpretation  came  into  its  own  as  an  in- 
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vegetation  wat  aLso  kx'i^lfntd^^r lome^LtS^  interpretation  of 

in  the^rnntont°^'kk^i^  note  that  many  uses  of  aerial  photography  were  buried 

ji“d,  sLgS“sr“f 

geographical  research  followed  the  same  pattern.  extent,  foreign 
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1962-1977 


Academia : In  the  eax'ly  1960's,  coincident  v.'ith  the  introduction  of  the 

term  "remote  sensing"  and  an  increased  interest  wit'uin  the  federal  government 
in  the  field,  the  expansion  of  course  offerings  in  geography  accelerated.  By 
1971-72  (based  on  information  from  Schwendcman,  Sr.  and  Schwendeman,  Jr.,  1972; 
and  Eitel,  1972,  and  response  to  questionnaires  distributed  to  geography _ depart - 
meats  throughout  the  nation),  Estes  and  Thaman  (1974)  found  that  99  institutions 
in  37  states  and  the  District  of  Columbia  offered  courses  in  either  remote  sen- 
sing or  aerial  photographic  interpretation  (see  Figure  3,  Table  1),  The  pattern 
expressed  by  the  1971-72  distribution  is  one  of  intrastate  expansion  and  filling 
in  between  the  three  nodal  areas  seen  in  the  1960-61  distribution  (see  Figure  2). 
Of  the  99  Institutions  in  37  states,  some  74  institutions  in  35  states  offered 
graduate  programs  in  geography  (see  Table  1).  Thus,  in  a little  more  than  a 
decade,  there  was  an  increase  of  almost  300  percent  in  institutions  offering 
courses  and  a gain  of  slightly  over  100  percent  in  the  number  of  states  where 
these  courses  were  offered.  Fui'thermore , there  v>ras  also  a 300  percent  gain  in 
offerings  at  schools  with  graduate  programs,  along  with  a 120  percent  gain  in 
states  with  graduate  programs  (Table  1). 

In  1975-76,  the  total  number  of  departments  offering  courses  in  remote 
sensing  and/or  photo  interpretation  was  165  (Table  1).  These  165  departments 
are  in  44  of  the  50  states  (Figure  4)  (Schwendeman,  Sr.  and  Schwendeman,  Jr., 
1976).  The  only  states  where,  to  the  best  of  our  knowledge,  departments  of 
geography  do  not  currently  offer  either  remote  sensing  or  photo  intei'pretation 
are  Alaska,  Arkansas,  Maine,  Missouri,  Rhode  Island  and  West  Virginia.  Thus, 
since  1971-72  there  has  been  a continuous  expansion  in  the  number  of  institutions 
offering  remote  sensing/air  photo  interpretation  (a  40"»  increase  over  the  1971- 
72  figures).  A recent  article  by  Neely _ (1977) , lists  103  total  courses  taught 
in  geography  departments  in  remote  sensing  and  related  topics.  This  total  re- 
presents 22%  of  the  nationwide  total  of  470  courses  identified  in  his  survey. 

Even  if  we  accept  the  degree  of  inconsistency  between  Neely's  and  our  data  to 
be  equal  in  all  disciplines  (Neely's  103  courses  to  our  165),  geography ' s role 
in  remote  sensing  instruction  is  still  significant.  Geography,  percent-wise, 
teaches  more  remote  sensing  courses  than  any  other  discipline  in  the  country. 


Publications : A factor  which  has  contributed  to  the  growth  of  interest  in 

remote  sensing  in  the  United  States  is  the  increasing  number  of  remote  sensing 
symposia,  the  most  notable  symposia  being  the  series  conducted  by  the  Environ- 
mental Research  Institute  of  Michigan  at  the  University  of  Michigan.  These 
symposia  Initially  resulted  from  recommendations  of  a study  by  a subcommittee 
of  the  National  Academy  of  Sciences-National  Research  Council  and  the  Geography 
Branch  of  the  Office  of  Naval  Research  (Institute  of  Science  and  Technology, 
1963).  The  subcommittee  met  in  January,  1961,  to  discuss  the  needfor  moi-e ^ 
advanced  and  efficient  data  acquisition  techniques  in  the  earth  sciences.  The 
symposia  were  initiated  to  provide  a periodic  forum  for  assessing  developments 
in  the  field  of  remote  sensing.  At  the  first  symposium  held  in  February,  1962, 
there  were  72  participants  including  5 geographers , whereas  at  the  Seventh 
Symposium,  held  in  May,  1971,  there  were  850  participants,  including  46  geogra- 
phers, essentially  the  same  proportion  (Figure  5).  At  the  Tenth  Symposium  there 
were  only  16  geographers  out  of  645  attendees. 

One  paper  (of  15)  was  presented  by  a geographer  in  1962,  12  (of  173)  in 
1971,  12  . (of  132)  in  1973  , 9 (of  155)  in  1974,  5 (of  146)  in  1975,  and  9 in  1977. 
Whether  the  decline  is  real  and  reflects  a disinterest  among  geographers  in_ 
publication  in  the  Symposia,  or  a significant  actual  decline  in  remote  sensing 
research  by  geographers,  or  whether  it  is  an  artifact,  we  do  not  know.  Could 
it  be  that  interest  in  the  profession  may  have  peaked  and  is  now  actually  in 
decline?  Possible  alternative  explanations  include  the  large  number  of  other 
symposia  on  remote  sensing  which  do  draw  geographers  away.  Also,  there  has 
been  a ma.jor  cut  in  funding  to  attend  the  increasing  number  of  meetings  now 
being  held  A^rhich  makes  the  choice  of  which  meeting  to  attend  difficult.  In 
addition,  the  Remote  Sensing  of  Environment  Symposia  is  held  every  other  year 
at  a time  near  or  coincident  with  the  annual  meeting  of  the  Association  of 
American  Geographers. 
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InHirnfln^  attendance  and  presentation  of  papers  at  professional  meetings  is  an 
indication  of  interest  in  remote  sensing  among  United  States  geographers  this 
interest  IS  not  yet  manifest  in  terms  of  reviewed  articles  in  geogrlaphic  jou^- 
nals  or  doctoral  dissertations.  Few  articles  dealing  with  remote  soLing  re- 
lated topics  have  appeared  in  professional  geographic  journals.  The  authors 
“^torpret  this.  It  may  arise  partly  because  of  the  tradi- 
tional nature  of  tho  articles  accepted  by  these  journals, 
consciously  refused  technical  articles  on  remote  sensing 
they  are  too  technical  for  their  journals.  With  respect 
distinguished  geographer  and  former  editor  of  the  Annals 
American  Geographers,  John  Fraser  Hart,  once  told  one  of 

yersation  at _ the  national  meetings  of  the  Association  of  American  Geographers 
^ ‘lacisco  in  1970  that  geography  does  not  need  courses  in  photo  inter- 

pretation since  any  geographer  "worth  his  salt"  could  Interpret  a photo.  To 

reflect  part  of  the  problem,  not  only  for  geog- 
as well.  Whatever  the  reason,  there  is  strong 
papers  to  .submit,  publish  them  elsewhere.  For 
only  7 art i c les _ deal ing  with  air  photo/remote 

• ,r  the  Association  of  American  GeoEraohers  and 

- Geographical  Review,  whereas  12  appeared  in  the  journal  Remote  Sensing 


The  editors  have 
stating  in  fact  that 
to  tho  latter  point,  a 
of  the  Association  of 
the  authors  in  a con- 


some  extent  this  statement  may 
raphers  but  other  disciplines 
evidence  that  geographers  with 
example,  between  1960  and  1976 
sensing  appeared  in  the  Annals 
3 ■ ■ - 


n • , vvni-j, li  appearea  in  tne  lournal  Remote 

in  Photogrammetric  Engineering  and  Remote  tEF 

contacts  with  Amorl  Sensing  of  Environment  was  initiated  throupb 

ences  r ^ of  the  National  Academy  of  Sci- 

senr?;  S V • Remote  Sensing  of  Environment  is  pre 

ly  edited  by  G.  J.  Zissis  of  the  Univer.sity  ol  Michigan  and  has  served  in 
a modest  way  as  an  outlet  for  geographers.  Photogrammetric  EnEineerinp  and 
l^gte  Sensing,  the  journal  of  the  American  of  Photogrgmet r^  ^rprob- 

^ly  the  most  .significant  _ outlet  for  remote  sensing  articles  written  by  geog- 
IS  interesting  to  note  that  one  important  way  in  which  gcogra- 
cation  tomote  sensing  is  in  the  area  of  the^publl- 

_ Simonett,  1976,  and  soon  to  be  published  volumes 

perso,nnel  of  the  Center  for  Urban  Policy  Research,  as 
Estns  and  Jensen  are  evidence  of  the  commitment  on  the  part 
of  geographers  to  upgrading  the  quality  of  our  information  and  instruction  in 
remote  sensing.  The  Manual  of  Remote  Sensing  oublished  in  1 q7R' oivf>c 
al  eyidence  of  this.  how  does  one  really  Lterpret  the  fact^ha^^of  the 

editors  and  35  of  the  236  contributors 
^ r Sensing  (American  Society  of  Photogrammetry)  were  geo- 
grapheisV  un  the  tace  of  it,  these  figures  appear  encouraging.  Upon  closer 

part  of^oeoErnn^^  not  Sure  this  constitutes  research  excellence  on  the 

yait  of  geographers,  a lack  of  research  in  significant  areas  by  professionals 

oJeratiL  existence  of  a geograpers  "good  old  b^oys"  .10^0^  in 

geseareh  Funding:  Tcachingand  publication  in  remote  sensing  by  geograpli- 

ers  may  be,  but  are  not  necessarily  associated  with  advanced  research.  Re- 
search on  remote  sensing  topics  can  be  a very  expensive  undertaking.  It  is  not 

all  of  the  major  academic  research  in  geog- 
dealing  with  remote  sensing  is  funded  by  agencies  of  the  Federal  govern- 
ment.  It  has  been  this  federal  support  which  has  influenced  and  created  the 

thi  ’ remote  sensing  in  all  disciplines  from 

Liie  lyoU's  to  the  present. 

tinn  comos  maply  from  the  National  Aeronautics  and  Space  Adininistra- 

rtn  (NASA]  either  directly  from  NASA  Headquarters  or  through  other  federal 

Geo^ogicirSurvcv  n Applications  _ Program  (GAP)  of  the  United  States 

booiogical  Survey  (USGS) . In  addition,  various  NASA  centers  (e.g.  Goddard 
Space  Flight  Center,  Maryland;  Johnson  Spacecraft  Center,  Houston;  and  Ames 
dirertiv  Moffett  Field,  California]  also  provide  research  funds  either 

Poao  through  various  user  agencies  or  groups.  Other  agencies  of  the 

Federal  government  who  now  or  have  provided  funds  for  geographic  research  in 
include  the  Department  of  Defense,  through  the  Department  of 
Naval  Research  Geography  Program;  ARPA;  US  Airforce  Radar;  the  United  States 
rmy  Engineering  Topographic  Laboratories,  Geographic  Branch;  the  United  States 
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Department  of  Agriculture;  the  Department  of  Housing  and  Urban  Development;  and 
the  Department  of  Transportation,  through  the  United  States  Coast  Guard. 

In  May  , 1967  , the  Association  of  American  Geographers  gave  evidence  of 
the  increasing  interest  in  remote  sensing  as  a research  tool  in  geography  by 
forming  a Commission  on  the  Geographic  Applications  of  Remote  Sensing  under  the 
direction  of  James  Anderson  with  Robert  Replies  as  Executive  Director.  An  AAG 
committee  on  Remote  Sensing  of  Environment  was  also  formed.  The  Commission 
has  since  ceased  to  function  while  the  Committee  has  continued  to  promote  edu- 
cational programs  in  remote  sensing  within  the  discipline.  The  educational 
task  of  the  Commission  has  been  carried  out  through  institutes,  summer  short 
courses,  and  workshops.  Five  summer  short  courses  sponsored  by  tbe  National 
Science  Foundation  and  the  Remote  Sensing  Committee  of  the  AAG  to  acquaint  col- 
lege level  teachers  with  this  new  remote  sensing  technology  have  been  held.  In 
addition,  the  Remote  Sensing  Committee  has  also  sponsored  remote  sensing  work- 
shops conducted  in  connection  with  the  AAG's  and  National  Council  for  Geogra- 
phic Education  (NCGE)  national  meetings.  Attendance  at  these  workshops  has 
been  excellent  and  may  well  be  a major  factor  in  stimulating  the  growth  of 
teaching  in  remote  sensing  in  geography.  Similar  short  courses  were  sponsored 
by  the  National  Science  Foundation  during  the  late  60 's  and  early  1970's. 

Another  significant  activity  of  the  Remote  Sensing  Coinmittee  of  the  AAG 
is  the  publication  of  the  newsletter  RSEMS  - Remote  Sensing  of  the  Electro- 
magnetic Spectrum  - which  began  in  1974  as  a quarterly  with  a subscription  fee 
of  $1.00  per  year.  The  first  issues  could  be  characterized  by  the  whimsical 
motto  internally  proposed  for  adaption  as  a RSEMS  logo  "Quidnam,  0 Cato,  Ses- 
tertio  Nummo  exspectasses"  (what  did  you  expect  for  254)  • As  RSEMS  has  con- 
tinued it  has  progressed  into  a substantative  quarterly  with  over  1000  sub- 
scribers. The  editorial  staff  and  series  of  guest  editors  have  combined  to 
produce  significant  issues,  classroom  materials,  and  laboratory  exercises. 

RSEMS  is  filling  a need  within  the  discipline  and  its  improvement  parallels 
the  increasing  awareness  of  geographers  to  the  potential  of  this  tool.  The 
authors  believe  that  it  is  a significant  mark  of  the  impact  of  remote  sensing 
on  the  discipline  that  four  sessions  at  the  AAG  National  Meetings  Iield  in  Salt 
Lake  City  in  1977  dealt  with  remote  sensing  and  that  papers  in  a number  of 
other  sessions  used  remote  sensing  as  a primary  data  acquisition  tool. 

Vy-Lvats  Industry  and  Federal,  State,  and  Local  Government  Aotivities : With 
in  the  context  of  the  present,  two  rapidly  advancing  areas  of  research  and/or 
employment  of  individuals  with  a background  in  geographic  remote  sensing  should 
be  mentioned.  These  are  1)  private  industry;  and,  2)  state  and  local  govern- 
ments. The  1967  directory  of  the  Association  of  American  Geographers  lists_7 
geographers  in  government  jobs  and  3 in  private  industry  with  a speciality  in 
remote  sensing.  By  1974,  the  year  of  the  latest  AAG  directory  these  numbers 
had  climbed  to  43  for  government  and  36  for  private  industry,  increases  of  600% 
and  1200%  respectively.  There  is  every  reason  to  believe  that  this  rate  of  in- 
crease is  continuing  and  may  be  accelerating  somewhat.  A complete  listing  of 
the  industries  and  government  agencies  where  professional  geographers  with 
remote  sensing  interests  are  employed  is  beyond  the  scope  of  this  paper,  how- 
ever, companies  range  from  Lockheed  Electronics,  Rockwell  International,  Gen- 
eral Electric,  Earth  Satellite  Corporation,  Electromagnetic  Systems  Laboratory, 
Spectral  Data,  Dames  and  Moore,  Hennings,  Durham  and  Richardson  and  so  on.  In 
governjnent,  geographers  with  remote  sensing  interests  are  employed  inthe  Bur- 
eau of  the  Census,  National  Aeronautics  and  Space  Administration,  Environmental 
Protection  Agency,  the  Geological  Survey,  and  many  other  federal,  state  and 
local  government  entities.  The  geographic  program  of  the  United  States  Geo- 
logical Survey  is,  at  present,  in  the  process  of  concentrating  its  efforts  on 
land  use  analysis  and  the  development  of  standardized,  compatible  [compatible 
with  existing  classification  systems  and  with  identifiable  features  as  seen 
on  remote  sensing  imagery)  methods  of  desci'ibing  land  use  on  their  new  nation- 
wide 1:250,000  land  use  series.  This  is  an  extremely  significant  application 
of  remote  sensing  technology  initiated  by  geographers  within  the  federal  gov- 
ernment. The  authors  feel  that  there  is  still  an  important  market  for  geog- 
raphers with  good  remote  sensing  background  in  both  government  and  private 
industry  and  we  see  this  situation  continuing  into  the  foreseeable  future. 


THE  PRESENT  IN  PERSPECTIVE 

Remote  sensing  in  geography  has  made  rapid  strides  in  the  last  rlemfinc: 
along  with  some  major  disappointments.  Institutions  offering  courses  if ^ 

iournals  within^'^f^^f  substantially,  however,  publication  in  major  reviewed 

K discipline  has  lagged  and  the  share  of  suhstf tivo  resf rch 

ctose  ?o  thef  ru?f  may  wen  have  declined.  It  is  perhaps  ffaif  but 

aic-i  1°  ^ ^ rr^’  1 ^ geography  seems  to  be  emerging  as  a teachine  onlv 

sueef f thatf by  major  research  programs.  On  the  other  hand,  we  cL?d^^ 

T4s4rs“?v4's">’  4''4>o4"  ;r  »"■'  p^oTt^urHisSranfl'?:- 
=J4o4,  TT  ‘-i-  «=  4?;4r„4o4"“r44r,ra*'j4,?4;f;  t\‘" 

eithei  hand  wringing  or  self  congratulations  for  any  discif if 

ance  of  the  technology  byf  ef  gf  f f f f f sf  nf  Sf  f f iff  fs  fenfbove' 

been  a sif  I?  if  nf  Lf  rf  If  f nf  hf  nf  mbfff  ff^te  Lf  sf  ngf  f rsf  f tf  f ’ 
If rf  f " considerable  but  uf f Iff  f ff  lo/rl.larch 

mljor  JeogrSlc'^fl  rf  f fhiirf'''^"  publications' wfthirilf"^'^ 

t.-  .1-  hcugrapnic  journals,  while  geographers  continue  to  contribute  to  sne- 
cialized  remote  sensing  journals.  Finally,  there  appears  f f riaf  Iff,- 
ceptance  and  use  of  the  technology  by  reefnized  leadefin  tif  ti  5 i 

sider  the  many  senior  geographers  who  alLady  have  a body  offata'solrcf  alf’ 

tfff  11  fftf comfortable.  ThLe  sources  have  serJed 
f professional  reputations  may  even  be  based  on  their  skill 

ap?to4S"tl?fi;c.r!Tf“4a4rouL?'"''"  ““  '““‘"E  "<>« 

Tlie  Theoretical  and  Practical  Role  of  Remote  Sensing  in  Geopraphv 

popS!af  sisi:n4„i4'44jr;h4Lf4L: 

geographers  are  jacks-of-all  trades  and  masters  of  none; 

ofif thf f found  for  part 
01  It  they  call  it  something  else;  and  ^ 

- geography  is  as  geographers  do. 

LiHL‘ iir 

pline.  Varenius  proposed  a division  between  what  hefermed  cnffl 
fafllwsf ouldf f f dealing  with  physical  phenomena  for  which  uliver- 

rlgions  oTtit  f rS  f f f -H  geography  examining  particular  aref  f - 

legions  01  the  eaith  as  they  derive  their  character  from  the  internrtinr,  nr 

human  and  physical  processes.  Although  Varneius  presented  the  stff If  o£ 
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geogi'aphy  as  a discipline  it  was  Iinmanual  Kant  (172/1-1804)  who  secured  its 
foundations  within  the  framework  of  the  philosophy  of  science.  According  to 
Kant,  all  knowledge  can  be  seen  as  basically  separable  into  three  categories; 

• one  wliich  sorts  facts  into  groups  according  to  the  kinds  of 
objects  or  phenomena  studied,  e.g.  the  systematic  sciences  of 
botany,  geology,  etc.; 

• another  which  sorts  facts  to  view  them  in  their  relationships 
through  time,  e.g.  the  historical  sciences;  and 

• the  study  of  things  as  they  are  associated  in  space,  i.e.  the 
province  of  geographical  science. 

This  Kantian  view  that  spatial  analysis  is  at  the  center  of  geographic  thinking 
as  the  fundamental  justification  for  geography  is  frequently  presented.  It  is, 
in  fact,  the  basis  for  Richard  Hartshorne's  treatise  on  the  Nature  of  Geography 
(1939).  Other  geographers  regard  the  Kantian  view  as  too  simplistic,  arguing 
that  each  of  the  divisions  of  knowledge  can  be  viewed  from  each  of  Kant's  tliree 
vantage  points  and  that  geography  rather  than  a basic  division  of  knowledge  is 
more  a method  of  viewing  or  perceiving  the  environment. 

David  Harvey,  in  his  book  Explanation  in  Geography,  suggests  that  the 
following  six  explanatory  forms  are  employed  in  the  discipline; 

• cognitive  descriptions  - this  may  range  from  simple,  primary 
observations  to  sophisticated,  descriptive  statements; 

• morphometric  analysis  - in  some  ways  this  may  be  regarded  as 
a type  of  cognitive  description;  one  Involving  a space-time 
relationship  rather  than  a property  language; 

• cause- and- effect  analysis  - the  insistence  that  cause-and-effect 
be  established  to  explain  the  occurrence  of  environmental  dis- 
tributions . 

• temporal  modes  of  explanation  - from  causal  explanation  it  is  a 
short  step  to  causal  chain  explanation  which  stretch  back  over 
a long  period  of  time; 

• functional  and  ecological  analysis  - exploring  phenomena  in  terms 
of  the  role  they  play  within  a particular  social  or  environmental 
organization; 

• systems  analysis  - the  basis  for  describing  whole  complexes  and 
structures  of  activities.  It  is  only  a short  step  from  analyzing 
the  function  of  a particular  phenomena  within  an  organizational 
framework  to  studying  the  structure  of  that  organization  as  a 
system  of  interlocking  parts  and  processes  . 

One  might  reasonably  ask  what  is  unique  about  those?  Surely  natural  and 
social  scientists  of  any  persuasion  might  say  the  same  of  their  own  branch  of 
knowledge.  The  authors  are  aware  that  there  may  be  debate  concerning  these 
foi-ms  j nevertheless  we  accept  them  here  as  a basis  for  sti’ucturlng  the  remain- 
ing discussion. 

Because  of  the  substantial  overlap  in  the  six  explanatory  forms,  we  com- 
bine them  as  follows: 

1)  cognitive  morphometric  analysis 

2)  cause  and  effect  analysis 

3)  temporal  analysis 

4)  functional  and  ecological  systems  analysis 


Within  each  of  these  we  ask: 

• what  does  remote  sensing  permit  the  geographer  to  do  now  better 
than  he  has  been  able  to  do  in  the  past, 

• what  does  remote  sensing  permit  the  geographer  to  do  now  tliat  lie 
was  unable  to  do  in  the  past,  and  finally, 

• what  may  remote  sensing  enable  us  to  do  in  tlie  future  which  could 
be  of  significance  to  professional  and  academic  geograpliy? 


Cognitive  Movphome  trie  AnaLyoiss:  This  task  may  range  from  simple  primary 

in  situ  observation  where  the  spatial  factor  is  not  important,  to  complex 
analyses  where  the  attributes  of  the  data  are  most  significant  when  viewed  in 
relation  to  their  spatial  association  with  other  phenomena.  Remote  sensing 
data  in  a 2-dimensional  image  format  has  substantial  utility  for  analyses  which 
are  concerned  with  the  spatial  location  of  phenomena.  It  is  normally  true, 
therefore,  that  the  profession  is  most  interested  in  image  format  remote  sensor 
data.  Wo  restrict  our  comments  here  to  situations  where  the  geographer  is  con- 
cerned with  both  attributes  of  the  phenomena  and  its  location  in  space. 

Remote  sensing  has  an  important  role  in  providing  primary  spatial  data. 
However,  it  cannot  always  provide  data  on  all  the  functional  categories  of  in- 
formation with  which  a geograplier  might  be  concerned.  For  example,  resolution 
constraints  may  prohibit  a plant  geographer  from  identifying  plant  specie. 

Such  data  then  must  still  be  acquired  iai  situ.  Remote  sensing  may,  however, 
provide  a substantial  amount  of  collateral,  surrogate  information  which  may 
significantly  affect  the  time  and  quality  of  the  field  work  required  to  satis- 
factorily obtain  a given  category  of  data.  This  points  out  a fundamental  char- 
acteristic of  remote  sensing  applied  to  morphometric  analysis  problems.  It  can 
provide  specific  functional  data  and/or  be  used  as  a method  of  stratifying,  i.e. 
regionalizing  an  area.  With  multiple  scale  (i.e.  multistagej  sampling  tech- 
niques it  is  possible  to  stratify  regions  and  design  sampling  strategicj  which 
maximize  both  the  effectiveness  of  the  imaged  data  by  simplifying  analysis  and 
also  the  geographer's  field  work  by  optimizing  his  time  through  prior  identifi- 
cation of  productive  areas. 

With  the  understanding  that  regionalization  or  stratification  is  an  im- 
portant role  for  remote  sensing  in  morphometric  analyses,  let  us  next  consider 
the  impact  of  this  nev^  technology's  synoptic,  spatially  accurate  view  on  geo- 
graphic research.  This  can  best  be  understood  by  considering  the  map,  which 
most  would  agree  is  geography's  unique  medium  for  communicating  spatial  infor- 
mation. Prior  to  the  development  of  remote  sensing,  all  maps  were  compiled 
from  terrestrial  observations.  Such  maps  were  only  as  accurate  as  the  field- 
of-view.  Instruments,  and  experiences  of  the  personnel  which  compiled  them. 
Contrast  this  with  the  present  situation  inhere  the  geographer's  baoemap,  his 
mainstay  of  accurate  2-dimensional  conmmnication,  is  for  all  practical  purposes 
almost  totally  derived  from  a combination  of  photo gramractric  and  pliotointerpre- 
tation  techniques.  In  fact,  Koeman  (1970)  and  Colvocoresses  (1976)  have  pointed 
out  the  obvious  spatial  errors  in  pre-remote  sensing  maps  where  rivers,  mountain 
ranges,  and  even  the  spatial  dimension  of  continents  were  in  error.  Thus,  re- 
mote sensing  has  allow'ed  the  geographer's  small  scale  basemap  to  become  more 
rigorous.  This  has  been  significantly  affected  by  the  Landsat  satellites  which 
have  a semiangle  of  only  -S.76  degrees  off  nadir  yielding  essentially  ortho- 
graphic images.  Landsat's  planimetric  spatial  fidelity  is  such  that  (once  it 
is  system  corrected  to  eliminate  periodic  system  errors)  it  meets  national  map 
accuracy  standards  at  a scale  of  1:500,000  and  in  several  respects  meets  1:250,000 
standards  as  well. 

Coupled  with  this  increased  capability  to  accurately  locate  basemap  data 
is  the  very  important  contribution  of  remote  sensing  to  thematic  cartography. 
The"themes"  of  data  (e.g.  land  use)  capable  of  being  extracted  from  analysis 
of  a given  image  may  be  applied  to  the  previously  discussed  accurate  basemap 
to  improve  both  the  spatial  and  categorical  accuracy  of  the  geographer's  the- 
matic map. 
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As  a result  of  this  direct  impact  on  map  theory,  cartographer 
any  other  body  of  practicing  geographers  Ref  required  out  of 

r,rc=i:!t';‘«  '';;or“t‘aSri:rShiir  h”o.o  Snt?„r°Lta.ioEy. , co;s.,ua„.iy, 

?fis  no^  sffisif  t 38  percent  of  the  60  geographers  teaching  remote 

Ira  rn  iinitL  Sta^  in  1976  listed  cartography  as  one  of  their  spe- 
ffties  (AAG  1976').  In  the  late  1960's  and  early  1970's 

f f mage  preeif  ng”  befn  to  appear  in  cartographic  journa  s CMuehrcke  1972, 
Mrmmonier  1976)  and  data  handling  symposia  (Tomlinson,  1972).  In  oflect,  _ 

c„,0gr.ph.rs  ™ue„t.„d  that  whether  ono  a^^^ 

"S'  ■f..aSn,^™““rcfuhSrL;\o  drawn  Thus  ».  hind  hath  c.r.ographera 

sylte;;  second,  how  to  portray  it,  i.e.  either  in  map,  f 

maf  and  last  how  to  interpret  and  communicate  the  results  be  it  in  a map 
Sge  iai  Mth  so  mucif  in  common  it  is  understandable  that _ numerous  essen- 
rn'nfiv  cartosranhic  problems  have  been  addressed  and  answered  within  the  realm 

ffreLtfsefsiff  reLarch  during  the  last  decade^  Sf.rsfrof  rSefrchrr.s  in 
however,  might  bo  the  new  questions,  ivhich  will  tax  both  oi  rcsc 

terras  of  the  geobase  information  systems  to  be  discussed  shortly. 

Interestingly,  most  geographer  cartographers  a 

ti oners  feel  a certain  amount  of  sympathy  for  one  another.  Cai tographers  lor  a 
long  time  had  to  struggle  within  geography  with  the 

of  "technique."  Remote  sensing  is  serving  a similar  apprenticeship. 
it  is  surpRsing  that  these  two  fields  of  study  which  are  so  important  to  geog 
raphy  and  science  in  general  should  constantly  have  to  ’ 

Without  either,  researchers  conducting  morphometric  analyses  would  have  primi 
tive  data  collection,  analysis,  and  display  capabilities. 


effect  relationships  between  phenomena  vvsvhle  on  the  landscape,  in  aaaiiion, 
f,tino%ensor  svstems  sensitive  to  electromagnetic  energy  outside  the  visible 
of  tiorofkfEMR  iTmf  be  possible  to  enhance  our  capability  to  dformine 

f definf  eaf al  principles,  or  enunciate  causal  determini.sm  by  facili- 
tatine  our  ability  to  perceive  effects  which  are  beyond  our  visual  experience, 
fn  his  alwfrPeP cf vf  the  end  results  of  processes  acting  on  his  surround- 
?fs  (effect)  af  fPempfd  rational  explanations  based  on  current  evel 
of^knowledge  e.xperience,  and  understanding.  Remote  sensing  offers  the 

f Rerences  ‘ in^lf  Ivf  f f pLPf  f f hf  1^0^^"^  thermal  f if 

ince  nf  mni^ture  from  pathogcnsl  is  detectable  in  the  visible  region  oi  tn^ 
spectrum.  Such  cause-and-ef feet  relationships  demonstrate  how  ^fflculf^if^ 
can  allow  geographers  to  conduct  research  on  topics  previously  difficult,  il 

not  impossible,  to  obtain  data  on. 

In  addition  to  the  raultispectral  attributes  present  in  a given  cause-and- 
effect  relationship,  the  ability  to  perceive  f f f fhe  gfmetry 
phenomena  a.s  they  progress  or  regress  ’ elated  to-  ^ 

of  suburban  sprawl,  insect  infestation,  flood  innunda  lo  , • 

pography,  erosion,  etc.,  as  they  appear  on  successive  fffaPfffect 

valuable  sources  of  information  which  may  be  used  to  identify  * j 
relationships  Without  such  data  the  researcher  may  be  seriously  ^n^capp  , 
makif  confusions  based  on  sampling  networks  whose  power  could  po^^i^ly  h 
iflcantly  increased  through  the  use  of  imagery  at  a number 

i " a variety  of  sensor  systems  operating  at  wave-lengths  through 
f rff electfom-aflf c sfetrum.  Thd  potential  of  remote  .sensing,  however. 
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-substantively  implemented  by  geographers  but  we  anticinate 

s^?^^e1rac't^cL"ty''''"''"'  (Landsat-D f SeLat , Radlr/w^ 

binal ly,  remote  sensing,  because  of  its  mul tispectral , multitemporal  multi 
a age,  synoptic  nature,  may  help  us  avoid  the  problem  of  over  extrapolation  of 
causal  conditions  thereby  making  false  inferences  as  to  effects  PvenS  a 
cause  and  effect  model  has  been  employed  successfully  in  a number  of  cases  it 
IS  dangerous,  to  believe  this  is  the  only  model  open  to  the  “archer  in  aAalvsi 

efLct^ia^  BLiLll^tl?^  i-  governed  by  a unique  cause  Ld 

ciiect  law.  liasicdlly  the  moie  information  concerning  reality  we  can  obtain 

from  remote  sensing  the  more  likely  we  are  to  avoid  this  pitfall. 

trihu7ibns^?n  ..pf,_^3:planation:  One  of  remote  sensing's  most  important  con- 

tloSforphenomenfffinJr°^-n^  “ its,  ability  to  provil^  repeatable  observe 
xions  01  pnenomena  in  space.  The  acquisition  of  single  or  multiple  imaee  dat-i 

geographer  is  concomod  pith  st.«r'r 

sufficient  T f*  rlvnom^  r * f 1*  slope,  rock  type],  a single  record  mav  he 

imnroviruT  t-n  If  f ® temporal  resolution  of  numerous  sensor  systems  is 

improving  to  the  point  that  certain  dynamic  processes  (e.g.  runoff  floodine 
differential  plant  response  to  moisture,  etc‘.)  might  be  effeJuvf;  modeled®’  In 
nbfmt°f  an  interaction  matrix  between  static  and  dynamic' 

Sneern^f  easing  supplied  data,  much  detailed  InfLmation 

concerning  the  functioning  of  both  static  and  dynamic  elements  present  in  a 
given  landscape  might  be  achieved.  Ip  traditional  geographic  research  the  hiah 
temporal  resolution  required  to  drive  such  models  if  obtainabirof^y  if  efef  ® 
sive,  costly  data  collection  platforms  (DCP's)  and/or  field  work  The^firm-  rp 
hieh  attempt  to  systematically  acqulrfda^a  with  f 

daS  Sf-  prfmifngl°’'  evaluated  and  results  to 

,-Qd-pi  geQgrapher.s  is  synomous  with  process.  Thus,  to  be  able  accu- 

^ ^ consistently  to  identify  change  in  a spatial  framework  is  an  impor- 

tant  part  of  any  morphometric  cause-and-effect  investigation.  The  identifica- 
tion of  change  p most  existing  data  is  difficult  because  the  data  is  not 

consistent  through  times  (consider  the  problem  of  the  census  with 

Landlat  hfwpvff’  so  on  which  plague  longitudinal  studies), 

nanasar  data,  however,  is  a unique,  internally  consistent,  longitudinal  ri  e 
temporal)  data  set.  As  long  as  the  system  does  not  change  then  geographers  will 
have, an  entirely  new  alternative  to  identifying  rapid  chfnge  Lfrfrfvff  te 

dftecfifr''  It  Landsat  which  fomotes  regional  change 

of  f f na  Q a ^ sun-synchronous  orbit  imaging  the  same  geographic  area 

and  sens.)  conf  1 guv. tl?n“  if afdii'iSi 

;“l”ig‘chSn"r„VSKeL“”')fl:s“’-“''‘“"  «chni,»as  through 

f-u  Through  multiple  date  change  detection  geographers  will  be  able  to  auantifv 
fbP  bf"  and  geometry  of  many  processes  at  wfrk  inf  ur  environment!  fobff  ' 
the  biggest  handicap  to  this  application,  however,  will  be  the  reuuiromenr  tint 
investigators  be  familiar  with  the  imaged  data  (iA  f tlfranaf dff f ff-- 
mats)  to  be  interfaced  with  their  traditional  non-remote  sensing  data  sets  Ce  g 
the  census).  This  topic  will  be  addressed  in  the  following  fefiof  '®' 

Eaotodiaal  Systems  Analysis:  All  the  previous  roles  of  re- 

f af  of  brought  to  bear  in  this  the  final  significant  : 

realm  o,C  explanatory  endeavor.  It  is  here  that  the  data  must  he  transformed  in- 
information  useful  to  the  understanding  of  a process  or' to  make  a 

ef hf  f cr^ fr  fnf f f require  spatially  accurate  data  on 
Qiiiier  micro  or  macro-scale  phenomena,  does  not  mean  that  efficLPnt  pffprt-i-vm 
or  accurate  methods  exist  for  collecting  these  data  SSof  sfsif  ffers  tMs 

f applied  to  systems  analysis  afffffdsff 
tilts  iu  off  f “ instance,  the  authors,  other  geographers  and  scien- 

if f mf inf f if f f f f ® remote  .sensing  backgrounds  are  examining  the 

fte?  mndf  S f the ^appl ication  of  distributed  rather  than  lumped  param- 

eter models  to  a number  of  physical  processes  and  cultural  phenomena  (e.f 

111 


r 


monUo^iSfi  urbL  in  ’ snowmelt  runoff,  developing  models  for 

cesiirind  nhoinJi  and  energy  consumption).  Although  data  on  these  pro- 

,,  n phenomena  were  previously  available  through  conventional  procedures 
their  use  coupled  with  the  spatial  and  .spectral  dimension  added  via  ?imote 
sensing  has  added  significantly  to  their  information  potential. 

has  sophisticated  geobase  information  systems 

tfviiv^Vo Until  recently,  geobasc  information  systems  essen- 

^ quality,  quantity,  and  timeliness  to  adequately  drive 
the  systems.  Remote  sensing  is  capable  of  providing  internallv  consistent  ati-. 
in  a format  and  time  framework  compatible  with  the  range  of  daL  inputs  reoufred 
Sorntf^n  °hstacles  yet  to  be  furmounted  irthe  [ncor 

analysis  Firs t^°one*’nf’’ti  ^ significant  Impact  on  geographic  systems 

been  that  eve , ^ discoveries  in  working  with  i.andsat  data  has 

been  that  even  at  its  current  80m  spatial  resolution  it  provides  data  of  such 

existing  models  connSt  oJeoLotae  the  dSt, 

?“Sfe'l:'L"";,f"Li:rd«f.“e? 

hydi-ologic  model.s  incorporating  landcover  and  land  use  data; 

agricultural  models  concerned  with  water  demand,  yield  and  stre.ss; 

agrometoorological  models  within  which  remote  sensing  performs  a 
confirmation,  weighting  or  calibration  function,  and!  ^ 

' Sen^'updlting^  predictive  models  of  land  use  change  based  on  fre- 

^ previous  list  will  reveal  a seriou.s  gap  in  the  modoliTKi 

.ealm.  Other  than  crop  yield,  note  the  serious  lack  of  attempts  to  incornnv'itn 
remote  sensing  into  economic  modeling.  The  primary  reason  fo?  this  ir?hat 
economic_  geographers  have  the  censu.s  available  which  is  a flrst-r[L  Lurco  of 
information.  Therefore,  why  be  concerned  with  remoL  scLing’  Sotf  L^^ 

irbo?]fspacfann?^^^  0;f  ''unpacking”  the  highly  agg?ega?ed  censCf  data 

dLsitv  ftaf?sr?e  for  n ^’^staiico,  a researcher  may  be  u.sing  a population 

sensing  it  is  possible  to,  unpack  the  census  tract  datrall winrthr?Le^rch^ 
f the  t^act  account  for  most  of  th^varSnie 

uLd^vitl^chanL  ymote  sensing  data  become  calibrated  and  may  be ' 

socLrSd  econLif  stati^frs  modeling  to  provide  a variety  of 

yxis  :ioLin  ™“'- 

irpriviousirnotorV’''^®^''''^  together  for  effective  modeling  purposes 

P r noted,  however,  cartographers  and  physical  geographers  c’urrontlv 

account  for  most  serious  basic  and  ^applied  remote  Losing  refea?ch  eLLLL 
and  regional  geographers,  on  the  other  hand,  are  nL  LifiLL  Lmote  sensTL 
burden  falls  heavily,  therefore,  on  those  geographers' who  are 
cartography/remotc  sensing  technologists  to  interface  with  the^regional  and 
economic  geographers.  In  this  manner  our  colleagues  may  begin  L Lcorporate 
the  information  available  through  remote  sensing  into  tLir^Lsearch!  ^ 


A CONCLUDING  LOOK  AT  THE  FUTURE 


AmPT-iLLL  Jt-.  writing  on  the  prospects  for  air  photo  interpretation  i 

Meiican  Geography  Inventory  and  Prospect  f James  and  Jones,  1954)  quotes  John 

Ll  plrtiLf^t-hP^L®’  so  sufficiently  staffed  to  Lnsider 

all  parts  of  the  geographic  field  can  it  be  e.xpected  that  air  pliocography  has 


found  or  may  find,  its  due  consideration  as  a research  field."  Furthermore, 
the  student  "...is  inclined  to  neglect  field  and_ 1 nboratory  coupes  which  pro- 
vide a training  in  the  gathering  and  i.nterpi'etation  of  iniormation,  Jioping  tliat 
his  problem  will  take  care  of  itself  when  the  time  for  independent  research  ar- 
rives." Hopefully,  in  geography  this  situation  is  changing. 

At  the  1964  conference  sponsored  by  the  Notional  Academy  of  Science  Na- 
tional Research  Council,  L.A.  Peter  Gosling  described  an  "air  of  enthusiasm 
which  inspired  panel  members  to  work  eagerly  and  imaginatively  on  their  respec- 
tive reports."  This  meeting  brought  together  at  a critical_early  stage  in  the 
United  States  space  program  the  talents  of  a number  of  distinguished  geograpliers 
to  make  recommendations  on  the  potential  of  the  newly  developing  field  of  s])ace- 
craft  research  as  tools  for  the  geographer.  Statements  as:  "The  opportunity _ 

to  obtain  synoptic,  regularly  repeated  views  of  the  whole  earth  and  the  thanpng 
surface  of  the  lands  and  seas  will  have  a profound  effect  on  the  growth  and  in- 
ternationalization of  geographic  sciences,"  illustrate  the  level  of  potential 
realized  by  these  leaders  In  the  lield-  It  is  a pity  that  moie  of  these  indi" 
viduals  did  not  maintain  their  enthusiasm. 

The  improved  or  unique  information  available  to  the  geographer  via  tlic  ap- 
plication of  remote  sensing  techniques  has  barely  begun, _ Yet,  when  thoughtful ly 
analyzed  it  can  be  seen  to  provide  the  geographer  with  significant  improvements 
in  the  quantity,  quality,  and  timolijiess  of  data  required.  As  moie  geographers 
become  aware  of  the  significant  implications  of  remote  sensing  for  providing 
such  data  the  true  impact  of  this  technique  in  the  discipline  will  be  felt.  Re- 
mote sensing,  like  cartography,  is  rapidly  approaching  a state  of  technology  :)nd 
body  of  coherent  knowledge  almost  to  be  viewed  as  a discipline  in  and  of  itscll. 
What  is  required  to  increase  the  impact  of  remote  sen.sing  in  geography  is  a con- 
certed effort  on  the  part  of  geographers  and  others  who  specialize  in  remote 
sensing  to  conduct  their  research  more  thoughtfully  so  as  to  more  effectively 
impact  their  disciplines. 

Remote  sensing  is  a reality  within  geography  whose  time  ha.s  come.  It  is 
too  powerful  a tool  to  be  ignored  in  terms  of  both  its  information  potential  and 
the  logic  implicit  in  the  reasoning  process  employed  to  analyze  the  data.  When 
allied  with  the  traditional  cornerstone  of  geography,  i.e.  cartography,  in  its 
new  digital  raiment,  the  two  techniques  will  go  far  beyond  being  mere  technolo- 
gies. We  predict  they  will  change  our  perceptions,  methods  of  data  analysis, 
models,  and  our  paradigms. 

Harkening  back  to  the  introduction  of  this  paper,  although  some  geographers 
decry  the  lack  of  impact  of  remote  sensing  on  the  discipline,  the  authors  do  not 
agree  In  the  perspective  of  time  and  viewed  in  the  larger  picture  of  the  im- 
pact of  remote  sensing  on  all  disciplines,  remote  sensing's  impact  on  geography 
has  already  been  significant  and  may  in  the  future  be  profound. 
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ABSTRACT 


During  the  past  ten  years,  geographers  have  been  Involved  in  a range  of  activities  that 
Include  remote  sensing  as  a data-gatherlng  tool.  Examples  of  geographic  applications  of 

geographic  training,  and  research.  Sample, 

demonstrations  have  dealt  vath  trapping  urban  land  use  from  a variety  of  sensors-  assess'hip- 
housing  quality;  monitoring  Savannah  grassland  fires;  defining  the  urban  "heat  island-'' 

to  tolgated  and  non-irrlgated  cropland;  correlating  land  use  by  census 
conterrpormeous  data  from  the  census,  and  then  monitoring  changes;  conductlm 
remote  sensl^  workshops  for  professional  groups  and  user  agencies;  and  preparing  a guide  for 
using  remotely  sensed  data  for  land  use  mapping  and  invent^.  prepaiing  a guiae  tor 

Of  statistical  data  or  computer  generated  traps  Illustrate  the  kinds  of  products 
obtaimble  usi^  digital  remotely  sensed  data.  Qur  examples  include  products  resulting  from 
ssmi-automated  compilation  techniques,  whose  charaoterlstlos  Include  the  possl- 
bilities  for  statistical  analysis,  reproduction,  and  update  of  time-series  data.  The  examoles 
geographic  inforrotion  systems  development  in  response  to  remote  sensing  data 
as  well  as  to  changes  in  graphic  and  digital  cartography.  In  contrast  to  engineering  car- 
tographers, geographers  have  been  more  interested  in  the  extraction  of  thenatio  s^lal  or 
remotely  sensed  data,  and  the  subsequent  creation  of  apparent  spatial 


As  the  Incumbent  spatial  discipline.  Geography  responded  (positively  or  negatlvelv)  to 

durl^^the^st^Lp!S°'^  remote  sensing  technology  and  the  space  exploration  program  presented 
di^jxig  the  last  decade.  Some  of  these  opportunities  have  been  seized  upon,  some  have  been 
^dzeated,  others  have  been  ignored,  and  still  others  have  been  pursued  within  Le  discipline 
These  trends  are  documented  by  posing  and  answering  the  following  questions:  “soipiine. 


applications  of  geography  as  a spatial  discipline  have  evolved? 
d)  What  old  applxcations  have  been  made  more  efficient? 

:mfluence  has  remote  sensing  had  on  the  use  of  other  geograpliic  tools? 
a;  ^t  influences  has  remote  sensing  had  on  cartographic  techniques,  accuracy, 
data  presented,  concepts,  etc.?  h , uxauy. 
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ABSTRACT 

Perhaps  the  most  intriguing  characteristic 
rf  science  is  the  inability  of  even  active  partici- 
pants to  accurately  predict  what  lies  in  store  "over 
the  horizon."  Using  the  simplification  that  develop- 
ments it!  Remote  Sensing  data  processing  represent  a 
continuum,  we  compare  the  state-of-the-art  in  early 
1975  with  that  of  early  1977  and  surmise  where  our 
technology  will  be  in  early  1979.  In  doing  this,  we 
accept _ the  limitation  that  in  all  likelihood,  the 
most  significant  development  of  the  next  two  years 
has  not  been  included  in  bur  projections.  Not  included, 
because  the  truly  significant  developments  often  stem 
from  unexpected  breakthroughs  which  redirect  the  very  . 
mainstream  of  the  underlying  technology. 

To  some  users.  Remote  Sensing  data  processing 
is  just  another  element,  like  the  sensor  system  itself, 
which  stands  between  them  and  the  quantitative  informa- 
tion they  need  to  know  about  a complex  ground  scene. 

But  we  who  aspire  to  help  Earth  resource  Remote  Sensing 
fulfill  its  tremendous  potential,  regard  data  proces- 
sing as  an  extension  of  the  human  mind.  For  only  when 
the  processing  of  remotely  sensed  data  is  lifted  out 
of  the  realm  of  mathematical  algorithms  and  the  hard- 
ware/ software  environment  in  which  these  algorithms 
are  embedded  can  the  basic  purpose  be  seen.  That 
purpose  is  to  provide  timely  and  accurate  information 
from  an  extensive  area  at  a cost  that  is  worth  paying. 


1.  INTRODUCTION 

The  future  for  Remote  Sensing  information  extraction  and  analysis  is  look- 
ing bright.  But  before  one  can  claim  to  foretell  its  future,  one  must  consider 
both  the  setbacks  and  advances  of  the  past  two  years.  Beginning  with  a survey  of 
the  state-of-the-art  of  remote  sensing  data  processing  in  early  1975,  we  chronicle 
the  significant  developments  between  that  time  and  today,  then  go  on  to  project 
where  our  technology  may  be  in  early  1979.  In  order  to  make  such  a projection, 
a certain  continuity  must  be  assumed.  Because  of  this  assumption,  our  projections 
must  necessarily  leave  out  any  unexpected  breakthroughs  which  redirect  the  very 
mainstream  of  the  underlying  technologies. 
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2. 


MERE  WE  WERE  IN  1975 


When  Landsat  II  was  launched  In  January  of  1975,  many  of  us  felt  that  we 
truly  understood  what  lay  ahead  of  us.  Widespread  experience  with  ERTS  data  [1] 
confidence  that  the  maximum  likelihood  classification  rule  was  indeed  ultimate, 
pride  in  the  new  generation  of  interactive  image  processing  systems  [2]  that  were 
being  developed,  and  the  beginning  flow  of  data  in  an  ambitious  Tri-Agency  proiect 
called  LACIE  which  would  utilize  multitemporal  Landsat  data  and  no  ground  truth 
to  inventory  the  wheat  crop  in  several  countries,  all  combined  to  give  us  a sense 
of  order  and  focus. 

At  that  time,  we  were  aware  that  the  history  of  raultispectral  data  processing 
was  primarily  a long  sequence  of  feasibility  studies.  A typical  scenario  for  such 
a study  might  go  as  follows:  An  individual  researcher  would  acquire  a data  set 

and  spend  several  months  trying  vainly  to  obtain  results  by  following  a preconceived 
analysis  plan.  Then,  while  investigating  the  reason  for  this  apparent  failure,  a 
revised  technique  would  be  discovered  that  gave  excellent  correlation  with  the 
surface  cover  of  interest.  Voilal  Feasibility  was  demonstrated  and  the  experi- 
ment would  be  written  up  for  either  a learned  journal  or  a presentation  at  a 
Remote  Sensing  Symposium,  such  as  this  one.  Naturally,  such  scientific  success 
merited  follow-on  funding  and  further  feasibility  testing  on  a new  data  set. 

More  often  than  not,  the  arrival  of  a new  data  set  would  once  again  he  followed 
by  several  months  of  vainly  trying  to  obtain  comparable  results.  Back  then,  many 
of  us  became  very  adept  at  explaining  how  each  new  data  set  was  different  from 
our  previous  data  sets. 

. „ feasibility  studies  left  us  a bit  uneasy,  our  confidence  was  undiminished 

in  early  1975  because  we  were  convinced  that  valuable  information  about  the  Earth's 
resources  could  be  obtained  over  sizable  areas  by  means  of  remote  sensing.  Envi- 
ronmental awareness  and  the  demand  for  sound  land  use  management  required  such 

and,  in  our  opinion,  the  only  economical  way  to  provide  it  was  via  an 
inf ormation _ sys tem  based  upon  remotely  sensed  data.  Here  also,  there  was  somewhat 
^ betoeen  dream  and  reality.  Although  tentative  cost-benefit  studies 

had  long  indicated  that  for  large  areas  remote  sensing  would  be  cost  effective 
the  user  community"  was  not  actively  seeking  assistance  from  remote  sensing,  ’in 
retrospect,  it  seems  a strange  thing  that  we  should  have  felt  so  confident  about 
the  existence  of  a well-defined  "user  community"  when  the  various  groups  we  wanted 

to  include  as  users  were  unsure  as  to  how  remote  sensing  could  be  of  any  real  heln 
to  tn  - J if 


_ _ Let  us  imagine  that  a hypothetical  user  had  set  out  in  January  of  1975  to 
visit  each  of  the  many  groups  involved  in  the  analysis  of  multispectral  scanner 
data.  Their  journey  would  have  taken  them  across  the  U.S.  from  the  NASA  Data 
Processing  Facility  in  Greenbelt,  Maryland,  to  the  Jet  Propulsion  Lab  in  Califor- 
nia, North  to  the  University  of  Alaska  in  Anchorage,  and  then  East  to  the  Canada 
Centre  for  Remote  Sensing  in  Ottawa,  Canada,  with  many  major  stops  in-between. 
Through  such  a grand  tour,  this  hypothetical  user  would  have  learned  of  potential 
MSS  applications  ranging  from  urban  growth,  agriculture  and  rangeland,  to  forestry 
pology,  water  quality  and  even  the  inventorying  of  the  breeding  habitat  of  migra- 
tory waterfowl  in  North  Dakota  and  the  Arctic  Islands  [3].  ^ 


Continuing  in  this  same  vein,  let  us  suppose  that  our  sojourning  user  had  a 
penchant  for  mathematics  and  wherever  he  visited,  he  would  ask  questions  such  as 
What  approaches  do  you  find  best  suited  for  data  analysis?",  "How  long  does  it 
take  to  analyze  ERTS  MSS  imagery  from,  say,  a 30  square  mile  . area?",  and  "What 
are  the  tecnnxcal  difficulties  which  must  be  overcome  before  this  technoloey  can 
be  transferred  from  a Research  and  Development  environment  to  operational  use?" 
Let  us  examine  these  three  questions  individually,  for  even  Within  a single 
institution,  our  hypothetical  user  would  have  received  conflicting  answers. 

What  Approach  is  Best  Suited  for  MSS  Data  Analysis?  (Circa  1975) 

T of  the  most  cost-effective  applications  of  remote  sensing  in 

early  1975  stemmed  from  manual  interpretation  of  false  color  ERTS  imagery,  Che 
majorxty  of  researchers  favored  an  interactive  approach  wherein  a comouter  was 
used  to  apply  a series  of  treatments  to  multispectral  scanner  data  under  the 


controlling  hand  of  a skilled  researcher.  Needless  to  say,  the  treatments  or 
algorithms^employed  depended  upon  the  application.  They  also  depended  rather 
drimatically  on  the  computational  facility  available.  ^fj/^rain- 

to  large  computers  used  interactive  displays  and  ground  observatioms  for  tram 
in'-  field  delineation  followed  by  iterative  clustering  to  refine  training 

statistics  before  employing  a quadratic  (maximum  *"uLd 

area  of  interest  Some  researchers,  with  more  modest  computing  faciiiLies,  usee 
channel  selection  techniques  to  reduce  computational  load  during  maximum  It^eli 
hood  classification.  Others  sought  best  linear  combinations  of 
employed  non-par ame trie  classifiers,  or  linear  discriminants 

putational  burden  during  classification.  It  was  tacitly  assumed  that  sufficient 
additional  information  was  available  to  enable  the  researchet  uo  judge  the 
validity  of  the  final  result. 

How  Long  to  Analyze  ERTS  MSS  Imagery  from  30  Square  Miles?  (Circa  1975) 

Table  I gives  representative  central  processor  times  and  memory  requirements 
(circa  January  1975)  for  data  analysis  of  a four  channel  MSS  image  containing 
23,000  picture  elements. 

TABLE  I REPRESENTATIVE  REQUIPJEMENTS  (CIRCA  JANUARY  1975) 

FOR  DATA  ANALYSIS  OF  A FOUR  CHANNEL  MSS  If'lAGE 
CONTAINING  23,000  PIXELS  ON  ERIPS 


ISOCLASS  ITERATIVE  CLUSTERING 
(Seven  Iterations,  up  to  Twenty 
Clusters) 

Maximum  Likelihood  Classifica- 
tion into  Tv/enty  Classes 

Feature  Selection  Based  on 
Divergence  Criteria 
(For  Twenty  Classes) 


CPU  Time 

'v22  minutes  on 
an  IBM  360/75 


2 minutes  on 
an  IBM  360/75 

2 minutes  on 
an  IBM  360/75 


Memory 

200.000  32-bit  words 

150.000  32 -bit  words 

100.000  32-bit  words 


To  put  these  times  into  perspective,  we  note  that,  back 
fi cation  attempts  were  usually  required  to  achieve  acceptable  results.  Since 
000  pixels  was  less  than  1/801^^  of  a standard  ERTS  Computer  Compatible  Tape, 
gp?e?-r?S  orihUen  anrSmith's  [5]  Table  Look-up  implementation  of  a maximum 
likelihood  classifier  was  very  attractive  for  digital  processing  of  full  ERTj 
frames  The  notion  here  was  that  since  a Landsat  scene  typically  has  only  about 
10,000’unique  6-bit  vectors  (unless  snow  is  present,  in  which  case 
about  100,000  vectors)  , these  unique  vectors  can  be 

used  to  create  a look-up  table.  The  payoff  is  typically  a 35/1  reduction  in 
CPU  time  for  classification. 

What  Technical  Difficulties  Must  be  Overcome  to  Achieve  Operational  Data 
Processing  (Circa  1975) 

Table  II  lists  the  technical  issues  which  seemed  very  important  in  early 

1975. 

The  effect  of  physical  factors  on  MSS  data  gathered  from  a satellite  is 
significantly  less  than  for  data  acquired  from  an  V 

recognized  that  some  way  of  characterizing  and  minimizing  data  variability  due 
to  differences  in  observation  conditions  was  required.  The  technical  issue  was 
whether  or  not  an  adequate  characterization  could  be  done  using  the  limited 
data  available. 

Earlv  in  1975,  those  of  us  who  were  still  removing  noise  from  the  scanner 
data  collected  during  SKYLAB  were  anxious  to  analyze  ERTS-B  preflight  imagery 
.Iperlenoe  ,ith  Ljndsa^  HoMe.  w.a  convlnc.d  that  |ood 
data  quality  was  the  key  and  spent  the  majority  of  his  time  in  this  area.  ice 
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technical  issue  was  whether  or  not  a reasonable  range  of  results  could  be 
guaranteed  given  high  quality  of  the  input  data. 

TABLE  II.  TECHNICAL  ISSUES  (Early  1975) 

- PHYSICAL  FACTORS  (Sun  Angle,  Atmospheric  Effects,  Background  Albedo) 

- DATA  QUALITY  (Sensor  Noise,  Cloud  Cover/Haze,  Frequency  of  Observation) 

- TRAINING  SELECTION  AND  LABELING 

Ground  Truth  vs  Image  Interpretation 
Signature  Extension/Partitioning 

- SAMPLING  SCHEMES  (for  accurate  prediction) 

Spatial  Resolution 
Spectral  Resolution 

- CLASSIFICATION  (Unitemporal  vs  Multitemporal) 

Optimum  Time(s) 

Influence  of  Misregistration 

- SYSTEM  THROUGHPUT  (The  price  of  processing  a sufficient  amount  of 

data  to  permit  a significant  conclusion.) 

Pattern  recognition  implies  training.  The  high  cost  of  collecting  ground 
truth  and  the  severe  limitations  associated  with  only  being  able  to  accurately 
process  data  with  associated  ground  truth  gave  rise  to  the  quest  for  alternatives. 
One  issue  was  whether  or  not  a skilled  photo-interpreter,  equipped  with  currently 
available  information  could  adequately  select  and  label  training  fields  in 
satellite  data.  Once  a classifier  was  trained,  related  technical  issues  were, 
"Could  the  region  (partition)  for  which  this  training  was  valid  be  characterized?" 
and  "Could  these  regions  of  validity  he  extended?"  (signature  extension) . 

There  were  corresponding  technical  issues  in  the  areas  of  sampling  schemes 
for  accurate  prediction,  information  content  required  for  classification  to 
yield  accurate  discrimination  and  a concern  that  conclusions  be  based  upon  a 
consistent  procedure  applied  to  a sufficient  amount  of  data  to  be  significant. 

Early  in  1975  each  of  us  had  our  own  conception  of  what  was  needed  to  make 
remote  sensing  come  of  age.  Some  researchers  were  concerned  with  how  to  achieve 
higher  recognition  accuracies,  other  researchers  were  trying  to  develop 
classifiers  which  would  retain  the  power  of  the  maximum  likelihood  classifier 
yet  to  be  free  of  the  underlying  assumption  of  multi-variate  normality  and,  at 
the  same  time,  execute  more  rapidly.  Some  researchers  were  eagerly  awaiting 
spring  so  they  could  monitor  the  development  of  rangelands  as  warm  weather  moved 
from  South  to  north,  while  others  were  wildly  scrounging  about  to  locate  the 
"user"  each  research  institution  was  expected  to  display  in  order  to  abide  by 
NASA  Headquarter's  dictum  to  "make  it  operational".  At  NASA's  Goddard  Space 
Flight  Center  a new  software  system  was  being  developed  to  reduce  the  48  minutes 
of  Sigma-3  time  required  to  extract  and  correlate  a 30  square  mile  portion  of  an 
ERTS  scene  to -an  earlier  acquisition  for  LACIE.  Meanwhile,  at  NASA's  Johnson 
Space  Center,  the  mechanics  of  trying  to  get  data  flowing  smoothly  through  Che 
myriad  of  steps  involved  in  LACIE  operations  seemed  nearly  overwhelming. 


3.  WHERE  ARE  WE  TODAY? 

Let  us  leave  our  hypothetical  user  for  a while  and  examine  the  growth  which 
took  place  during  1975.  Spring  came,  and  Landsat  II  MSS  data  was  found  to  be  of 
excellent  quality,  although  its  calibration  was  markedly  different  from  Landsat  I. 


The  ereen  wave  advanced  from  Texas  to  Canada  and  was  successful  in  bringing 
about  buSpL  crops  which  were  not  at  all  disturbed  by  remote  sensing.  1975  was 
lyeL  of  growth  for  all  of  us.  When  Goddard  Space  Flight  Center  brought  up  a 
system  which  enabled  a LACIE  sample  segment  to  be  extracted  and  registered  tn 
one-eighth  of  the  previous  time,  and  NASA/JSC  began  storing  these  30  square  mile 
portiols  of  a LandLt  scene  in  a 2.9  billion  byte  on-line  data  base  so  that  all 
acquisitions  would  be  instantaneously  available  for  processing  it  appeared  a 
though  the  long-awaited  era  of  quasi-operational  use  of  remotely _ sensed 
satellite  data  was  about  to  dawn.  LACIE  began  with  so  much  confidence  only  to 
discover  that  information  extraction  from  an  arbitrary  segment  of  a Landsat 
image  in  the  absence  of  ground  truth  was  a far  more  formidable  task  than  most  of 
us  had  anticipated. 

Holmes  recalls  a forlorn  moment  in  late  April  when  he  honestly  wondered  if 
any  of  the  current  algorithms  would  survive  to _ autumn  unscathed.  Few  did^ 
Perhaps  it  was  our  naivete,  perhaps  this  was  simply  the  first  real  opportu  y 
to  test  these  algorithms  on  a broad  geographic  scale  under  a variety  or 
conditions.  By  late  August  we  could  honestly  say  we  were  much  wiser  about  the 
task  which  lay  ahead  of  us,  though  many  of  us  would  have  preferred  to  be  a little 
less  wise  and  a bit  more  comfortable. 

Although  dramatic  advances  were  made  during  1975  in  the  machinery  of  image 
nrocessing  and  pattern  recognition,  more  than  anything  else  we  came  to  a better 
Srec?a?ion  of^what  it  was  that  we  didn't  understand  The  large  gap  between 
feasdbility  studies  and  quasi-operational  use  over  a large  regxoncame  home  _ 
when  LACIE'  fould  all  the  classical  approaches  to  signature  extension  for  maximum 
likelihood  classification  were  totally  inadequate. 


Those  of  you  who  attended  this  Symposium 
tions  by  Researchers  from  Switzerland,  Sweden 
Germany,  France,  Finland,  and  Canada.  It  was 
interest  and  commitment  to  the  ideal  of  using 
sensed  data.  For  with  some  of  the  best  minds 
the  frontier,  meaningful  progress  was  certain 


in  October  of  1975  heard  presenta- 
, Spain,  The  Netherlands,  Italy, 
pleasing  to  see  such  widespread 
information  extracted  from  remotely 
from  all  these  lands  pushing  back 
to  occur.  And  so  it  did  in  1976. 


In  1976  G E.  Lowitz  from  France  showed  us  how  to  characterize  principal _ 
component  images  according  to  their  metric  content  [6]  by  drawing  a quantitative 
distinction  between  real  image  structure  and  statistical  noise  ^ ciual 

was  interesting  to  note  that  in  addition  to  significt..nt  structure  in  the  principal 
components  associated  with  the  largest  three  eigenvalues  of  a seven  cham^^ 
set,  Lowitz  observed  significant  image  structure  to  be  present  in  the  principal 
image  associated  with  the  smallest  eigenvalue. 

In  1976  Starr  and  Mackworth  [7]  .from  the  University  of, ..British  Columbia, 
Canada  made  the  first  inroads  in  characterizing  analytically  the  use  of  shape 
and  texture  in  extracting  information  from  a remote.^y  sensed  image 
work  is  far  from  complete,  the  approach  is  an  exciting  one  ^ 

to  use  context  or  texture  and  shape  in  addition  to  spftctral  content  is  one  of 
the  reasons  a trained  photointerpreter  is  able  to  discern  so  much  information 
from  an  image  [ 8 ] . 

In  1976  the  proper  setting  for  large  scale  agricultural  remote  sensing 

based  on  Landsat iati  was  showS  [9]  to  be  a tSI  ^Screased 

temnoral  sampling  was  matched  to  the  crop  calendar.  Although _ the ^increasea_ 

dimensionality  of  these  data  sets  gives  rise  to 

or  adeauately  training  a parametric  classifier,  the  added  information  content 
?roSed  S the  tempolal  Lends  {10]  permitted  global  information  extraction  and 
Lalysis  techniques  to  be  successfully  employed  for  the  first  time. 

Because  information  extraction  from  remotely  sensed  data  involves  processing 
a relatively  large  number  of  individual  observations,  advances  in  the  underlying 
imputing  technology  are  intimately  linked  to  advances  in  remote  sensing  data 

processing. 
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For  example,  the  privilege  of  trying  to  develop  a global  approach  was  non- 
existent until  suitable  data  sets  were  assembled.  Such  large  data  sets  v?ere 
not  assembled  until  processing  facilities  [11]  equal  to  the  computational  task 
of  processing  them  were  developed. 

It  isn't  clear  whether  increases  in  the  complexity  of  the  information  being 
sought  from  remotely  sensed  data  come  first  and  the  data  processing  capability 
to  meet  these  needs  is  created  later,  or  vice-versa.  A typical  example  is 
afforded  by  the  growth  of  the  Earth  Resources  Interactive  Processing  System  at 
NASA/ JSC.  As  initially  developed  this  system  was  I/O  bound  until  a special 
Image  Data  Access  Method  [12]  was  created  and  installed  in  early  1975.  The 
system  was  then  CPU  bound  for  most  applications  until  early  1976  when  a STARAN 
parallel  processing  computer  was  interfaced  [13]  to  the  host  computer  and  it 
again  became  I/O  bound.  This  time,  however,  the  limiting  I/O  function  was  the 
rate  at  which  data  could  be  staged  to  and  from  the  parallel  processor.  Table  III 
gives  representative  times  for  the  STARAN  equipped  system  (Circa  March  1976)  for 
data  analysis  of  a four  channel  MSS  image  containing  23,000  pixels.  These  times 
should  be  compared  with  Table  I.  During  the  past  year  the  computational 
complexity  of  the  problems  being  addressed  have  grown  to  the  point  where  even 
this  STARAN  equipped  system  will  soonfcease  to  be  I/O  bound! 

p:. 

TABLE  III 

Representative  Times  (Circa  March  1976)  for  Data  Analysis  of  a 
Four  Channel  MSS  Image  Containing  23,000  Pixels  on  the 
STARAN  Equipped  ERIPS  System 

Time 

ISOCLASS  ITERATIVE  CLUSTERING  43.3  seconds 

(Seven  Iterations,  up  to  Twenty- 

Clusters) 

Maximum  Likelihood  Classification  43.1  seconds 
into  Twenty  Classes 

More  than  a dozen  interactive  image  processing  systems  which  were  under- 
going development  in  1975  now  exist  [14],  and  many  of  them  are  available  either 
as  standard  commercial  products  or  as  custom  tailored  systems  with  hardware 
options  which  are  seemingly  limited  only  by  the  purchasers'  budgetary  constraints. 
It  is  difficult  to  draw  up  a meaningful  comparixon  between  these  systems  for 
although  each  of  them  was  designed  around  the  interactive  concept  they  range 
from  software  packages  suited  solely  for  use  with  a large  general  purpose  computer 
to  highly  specialized  software/hardware  packages  structured  around  a specific 
model  of  minicomputer.  In  1977  one  trend  stands  out  very  clearly.  Because  of 
advances  in  processing  speed  the  combination  of  a minicomputer  with  an  array 
processor  will  lead  to  significantly  cheaper  image  analysis  systems, 

3.1.  CURRENT  TECHNICAL  ISSUES 

The  strength  of  science  is  in  the  inquisitive  and  powerful  minds  of  the 
individuals  who  conceive,  conduct  and  interpret  the  experiments.  A list  of 
current  technical  issues  is  shown  in  Table  IV.  Some  of  these  were  issues  in 
1975. 

Pattern  recognition  can  do  no  better  than  the  training  selection  and  labeling 
will  support.  The  technical  issue  today  is  how  should  training  selection  and 
labeling  be  done. 

For  economy  of  operations  effective  sampling  schemes  are  needed  in  both  the 
Spatial  and  temporal  domain.  Sampling  is  currently  employed,  but  the  effects 
introduced  are  largely  unknown. 

Today,  everyone  agrees  that  Landsat  classification  can  be  performed  to_  at 
least  the  level  of  different  types  of  vegetation.  At  issue  is  the  level  of 
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detail  at  which  reliable  discrimination  can  be  performed  over  a large  region. 

There  is  a need  to  be  able  to  predict  error  rates  and  to  eliminate  or  at  least 
determine  biases  in  classification  results  so  that  quantitative  statements  can 
be  made  about  the  significance  of  area  estimates.  There  is  a need  to  treat 
spatial  and  spectral  data  on  an  equal  footing. 

TABLE  IV.  CURRENT  TECHNICAL  ISSUES 

- Training  Selection  and  Labeling 

(Ground  Truth  vs  Imagery  alone,  Imagery  with  aids.  Global 
or  Universal  Training) 

- Sampling  Schemes  (Spatial  and  Temporal) 

- Classification  and  Mensuration 

• Level  of  Detail  at  Which  Reliable  Discrimination  Can  Be 
Performed  (e.g..  Spring  Wheat  vs  Spring  Small  Grains) 

‘ Prediction  of  Error  Rates  and 

• Use  of  Spatial  and  Spectral  Data  on  an  Equal  Footing 

- Use  of  Satellite  Indicators  to  Supplement  Predications 

• Combined  Use  of  Metsat  and  Landsat  Data 

• Use  of  Moisture  in  Yield  Models 

- Small  Scale  (Field)  Structures 

- Physical  Factors  (Atmospheric  Modeling,  Background  Albedo 
Correction) 

- Ancillary  Data 

- Geometric  Quality  (Within,  say,  1/2  a pixel) 

- Cost  of  Processing 

Other  technical  issues  concern  the  extent  to  which  indicators  derived  from 
satellite  observations  can  be  used  to  supplement  yield  predictions,  understanding 
the  problem  of  small  field  structures,  and  the  degree  to  which  data  variability 
due  to  atmospheric  conditions /background  albedo  can  be  overcome  by  modeling. 

A critical  issue  today  concerns  the  proper  role  of  ancillary  data.  Use  of 
such  data  can  improve  reliability,  but  care  must  be  taken  not  to  place  unrealistic 
demands  on  the  sources  of  such  data. 

There  is  a concern  that  output  products  be  geometrically  correct  within  the 
limits  of  the  Landsat  system,  and  the  issue  of  how  to  reduce  the  resources 
required  to  process  a sufficient  amount  of  data  to  yield  significant  conclusions 
is  still  with  us. 

In  large  measure,  the  applicability  of  remote  sensing  to  operational  systems 
will  be  determined  by  the  extent  to  t<rhich  these  technical  issues  are  addressed. 


4.  IfflERE  MIGHT  WE  BE  IN  1979? 

The  hardware  technology  which  underpins  digital  computing  is  in  a period  of 
rapid  evolution.  In  trying  to  forecast  where  remote  sensing  data_ analysis  will 
be  in  early  1979  it  is  necessary  to  make  some  predictions  concerning  the 
corresponding  developments  in  hardware  technology.  It  is  convenient  to  make  these 
predictions  separately  in  terms  of  memory  hardware  and  for  logical  hardware.  In 


both  areas  an  uncertainty  enters  due  to  the  broad  variety  of  technical  approaches 
and  the  discrepancy  between  performance  which  can  be  demonstrated  on  a research 
oriented  feasibility  study  and  the  performance  which  can  actually  be  guaranteed 
in  an  application.  Figure  1 shows  a recent  prediction  for  the  growth  of  Bipolar 
Technology  in  terms  of  the  propagation  delay  and  power  dissipation  per  gate. 

Using  Integrated  Injection  Logic  (I^L)  gate  times  vl.5  nanosecond  at  0.2  milli- 
watt should  be  achieved  by  1979. 

FIGURE  1. 

EVOLUTION  OF  BIPOLAR  TECHNOLOGY* 


I '1,1975 


Dynamic  NMOS 


'L,  1976 


rL,1977 


Constan^ 
delay-power 
= 1 picojoule 


1978  Projection 


ECL-KD 


POWER  DISSIPATION  PER  GATE,  Microwotts 


*Christiansen , Donald,  Ed.,  "Technology  '77' 
IEEE  Spectrum,  January  19’77 


A way  in  which  these  gate  delay  times  can  be  related  to  processing  times  is 
to  consider  that  a typical  arithmetic  ADD  instruction  can  be  thought  of  as 
involving  about  20  gate  delays  plus  two  random  memory  accesses  and  a typical 
MULTIPLY  instruction  involves  about  120  gate  delays  plus  two  random  memory 
accesses.  One  of  the  design  tradeoffs  x<?hich  is  available  to  the  circuit  designer 
is  to  permit  additional  power  consumption  in  order  to  achieve  increased  speed. 

At  least  one  hardware  classifier  has  already  been  constructed  using  TTL  logic 
wherein  the  basic  clock  rate  is  only  1/2  the  time  shown  for  TTL  in  Figure  1. 

Corresponding  projections  of  memory  hardware  for  the  late  1978  time  frame 
are  given  in  Table  V.  Again,  the  Variety  of  technical  approaches  employed  leaves 
one  unsure  as  to  whether  these  predictions  are  optimistic  or  pessimistic  in  terms 
of  an  actual  application.  However,  a recent  advertisement  by  MOSSTEK  Corporation 


150  nanosecond  access  ci.es  will 


TABLE  V.  HARDWARE  PROJECTIONS  (MEMORY) 


RAM  [ROM] 

SLOW 

FAST 

TECHNOLOGY 

Semiconductor 

(16K) 

N- Channel 
Silicon 
gate  MOS 

200 

Bipolar 

ACCESS  TIME 
(nsec) 

100  [100] 

Schottky 

40 

POWER  DISSI- 
PATION (mW/ 
16K) 

800  [400] 

800 

6400 

DENSITY(bits/ 

cm^) 

3900  [3900] 

<3x10^ 

<2x10^ 

SERIAL  ACCESS 

>2x10^ 

>152 

technology 

S emiconduc  tor 
(65K) 

2-20 

SERIAL  DATA 
rate  (MHz) 

POWER  DISSI- 
PATION (mW/ 
65K) 

200 

DENSITY 

(bits/cm^) 

3900 

— 

inforin.tioii  e*ct»cted  from  remotely  ISnfetl'data'  °*  bmafit  to  the  oe“  o; 


table  VI.  projected  CMOS  CATE  LEVEL  AND  MEMORY  PARa«teES  I»  meLY  L,7, 
CATEGORY 

^^ter  specification 

Gate  Delay  ^ — 

Power  Delay  Product 
Gate  Power 
Density 

Access  Time 

Power  Dissipation  (16K) 

Density 

Data  Rate 

Power  Dissipation  (65K) 

Density 


Logic  Gates 

Random  Access  Memory 
Serial  Access  Memory 


1.5  nsec 
0.5  pico joule 
0 . 2 mW 

100  gates/mm^ 

40  nsec 
800  mW 

4 X 10^  bits/cm^ 

3 MHz 
200  mW 

4 X 10^  bits/cm= 


p _ _ ‘T-  V-  j-u  ores/ cm" 

software  -viro'St'irwhLnLs'^alg^^^^  SfeSeJ”"  hardware/ 

Recognition  systems  in  1979  will 

-Ytht  Of  hlEhor  sp.tf.1  roaol”?f"^LSSS  StSTiS^TS  SS”SSr„nI> 
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necessitate  a complete  restructuring  of  our  approach  to  remote  sensing  analysis ^ 
With  more  of  the  information  content  of  these  new  images  in  the  spatial 
properties  of  the  images,  more  spatial  processing  will  lead  to  more  parallel 
processing  systems  based  on  array  processors.  Digital  outputs  from  today's 
systems  are  grid-oriented  image  files.  In  1979  we  predict  that  the  outputs  will 
be  imagery  that  are  geometrically  corrected  to  a Universal  Transverse  Mercator 
(UTM)  grid  with  East-West  oriented  scan  lines.  Software  for  converting  such 
outputs  to  the  polygon  structures  of  many  North  American  resource  data  bases 
will  be  in  place.  Remote  sensing  systems  will  be  drawing  from  these  historical 
data  bases  features  to  improve  a priori  probability  estimation  and  classification 
accuracies..  In  1979  we  anticipate  that  resource  managers  will  have  accepted  the 
place  of  remote  sensing  as  one  of  the  important  components  in  resource  management 
and  information  systems,  as  opposed  to  the  current  desire  of  some  remote  sensing 
adherents  to  see  remote  sensing  replace  entirely  existing  systems  for  information 
collection. 

1977  is  a year  in  which  no  less  than  14  Application  System  Verification  and 
Test  projects  are  being  conducted  wherein  potential  users  remotely  sensed 
information  are  helping  explore  how  such  information  can  be  effectively  employed. 
Between  the  increased  understanding  of  their  own  discipline  which  each  user 
group  contributes,  the  advances  in  remote  sensing  techniques  which  will  come 
from  widespread  experience  with  accurately  registered  multitemporal  data  taken 
over  large  areas,  increased  ability  to  model  (or  at  least  minimize)  the  effects 
of  external  factors,  the  whole  realm  of  associative  processing  which  is  opening 
up  in  terms  of  shape  and  texture,  and  the  underlying  growth  in  hardware 
technology  it  is  reasonable  to  predict  that  remote  sensing  analysis  has  the 
ability  to  overcome  many  of  its  current  limitations  and  accomplish  its  true 
purpose.  To  us  that  purpose  is  to  provide  timely  and  accurate  information  from 
an  extensive  area  at  a cost  that  is  worth  paying. 
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ABSTRACT 

Currently  there  is  considerable  interest  in  active  micro- 
wave  sensors  for  earth  resources  applications.  A particular 
example  is  the  SEASAT-A  rrdar.  However,  to  obtain  spatial 
resolutions  comparable  to  optical  sensors  at  radar  frequencies 
sophxsticated  image  formation  processing  techniques  must  be 
applied  to  the  raw  data. 

This  paper  briefly  compares  processing  requirements  for 
non- coherent  optical  and  coherent  radar  imaging  systems,  and 
then  discusses  the  image  formation  processing  requirements  for 
synthetic  aperture  radar  (SAR)  systems.  Both  optical  and  digi- 
tal techniques  are  addressed,  and  examples  of  hardware  and 
imagery  for  each  processing  technique  are  presented. 


INTRODUCTION 

ic  the  data  currently  used  for  earth  resources  applications 

ci  passive  infrared  and  visible-region  sensors.  Many  sophisticated 

signal  processing  techniques  have  been  applied  to  multispectral  scanner  (MSS) 
the  purposes  of  automatic  classification  or  interpretation.  However, 

7 extraction,  the  sensor  data  is  in  reasonably  readable  form 

required  signal  processing  techniques 

are  generally  limited  to  geometric  and  radiometric  corrections.  In  particular 

of  the  data,  as  determined  by  sensor  optics  and  scan 

of^MSS  changed  by  processing.  Typical  spatial  resolution 

or  MSS  systems  from  orbital  altitudes  is  of  the  order  of  50  m x 50  m . 

is  considerable  interest  in  active  microwave  sensors  for 
earth  resources  applications  [1].  A particularly  important  application  is  Side- 
Looking  Airborne  Radar  (SLAR) . Depending  on  altitude  (or  range)  and  wavelength 
the  degree  of  data  processing  required  to  generate  a useful  image  may  be  minfmai 
aperture  radar  such  as  the  AN/APS-94  or  AN/APQ-97;  or  extremely 
sophisticated,  as  for  example,  the  planned  SEASAT-A  synthetic  aperture  raLr. 

radar  systems  act  in  a similar  manner  as  multispectral 
canners  in  that  angular  spatial  resolution  is  determined  by  the  ratio  of 

^nd  the  resulting  video  signal  can  be  dis- 
played without  additional  processing.  However,  such  systems  are  generally  useful 


only  at  short  wavelengths  and  relatively  short  range.  Synthetic  Aperture  Radar 
(SAR)  systems  are  able  to  bypass  the  above  resolution  limit  by  using  the  forward 
motion  of  the  sensor  to  synthesize,  in  effect,  an  aperture  many  times  longer 
than  the  actual  antenna.  The  image- formation  processing  required  for  SAR  systems 
may  require  orders  of  magnitude  more  high  speed  memory  capacity  and  higher  arith- 
metic rates  than  typical  MSS  image  processing. 
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NON- COHERENT  AND  COHERENT  IMAGING  SYSTEM  COMPARISON 

In  comparing  the  processing  requirements  of  non-coherent  and  coherent 
imaging  systems,  it  is  useful  to  first  compare  the  nature  of  the  unprocessed  and 
processed  images.  First  consider  a typical  non-coherent  imaging  system,  such  as 
an  airborne  optical  scanning  system.  A raw  scanner  output  image  is  shown  in 
Figure  1(a),  and  a rectified  image  is  shown  in  Figure  1(b).  Note _ that  the  raw 
image,  though  distorted,  is  recognizable,  and  can  easily  be  exploited  by  a 
trained  interpreter. 

Now  consider  a typical  coherent  imaging  system  such  as  an  SAR. _ A magnified 
image  of  the  raw  radar  video,  which  has  been  recorded  with  a sufficiently  high 
offset  carrier  frequency  to  preserve  both  phase  and  amplitude  is  shown  in 
Figure  2(a).  A typical  processed  image  i.s  shown  in  Figure  2(b).  Note  that  the 
unprocessed  image  is  essentially  unintelligible.  This  is  because  the  unprocessed 
resolution  of  the  radar,  determined  by  transmitted  pulse  length  and  real  antenna 
beamwidth,  is  insufficient  to  resolve  objects  in  the _ illuminated  scene;  i.e., 
individual  target  returns  are  dispersed  and  overlapping  throughout  the  unprocessed 
Image.  The  fine  structure  observed  in  Figure  2(a)  is  due  to  the  combined  phase 
modulation  of  the  returned  radar  signal  due  to  the  targets  in  the  scene.  The ^ 
only  interpretable  part  of  this  image  is  a portion  of  a Fresnel  zone  plate  which 
indicates  the  presence  of  a strong,  isolated  point  reflector. 

Now,  because  the  coherent  radar  imaging  processes  is  fundamentally  linear, 
and  the  amplitude  and  phase  modulation  of  an  individual  signal  can  be  predicted 
from  knowledge  of  the  transmitted  pulse  and  system  geometry,  it  is  possible,  for 
each  point  in  the  image,  to  construct  a matched  filter  which  will  compress  the 
two-dimensional  dispersed  signal  to  one  of  much  finer  resolution,  yielding  an 
image  such  as  shown  in  Figure  2(b). 

The  relation  between  unprocessed  and  processed,  or  compressed,  resolution 
cell  size  is  illustrated  in  Figure  3 in  which  we  show  the  raw  system  ground 
resolution,  determined  by  the  pulse  length  and  the  azimuth  beamwidth;  and  show 
by  comparison,  the  final  system  resolution  defined  by  the  compressed  pulse  length 
and  the  azimuth  resolution  of  the  synthetic  aperture.  Depending  on  system 
parameters,  the  range  and  azimuth  compression  ratios  may  vary  from  less  than  one 
hundred  to  several  thousand. 

After  compression,  or  image  formation,  additional  amplitude  and  geometric 
corrections  may  be  required  before  image  exploitation.  These  may  include,  for 
example,  compensation  for  the  antenna  gain  pattern  and  slant  range  to  ground 
range  conversion. 

A simplified  functional  block  diagram  comparing  non-coherent  and  coherent 
imaging  systems  is  shown  in  Figure  4.  Note  that  the  principal  difference  is 
the  insertion  of  an  image  formation  processor  in  the  coherent  imaging  system. 

The  principles  and  history  of  SAR  image  formation  processors  will  be  presented 
in  the  balance  of  this  paper, 


3"  ' 

SAR  PROCESSING  REQUIREMENTS 

Let  us  first  quantify  SAR  image  formation  processing  requirements.  The 
real  aperture  azimuth  resolution  of  an  imaging  radar  is  bounded  by 

> R(l/d^)  (1) 
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where  R = slant  range 

X = radar  wavelength,  and 
dg  = azimuth  aperture  length. 


Resolution  as  a function  of  range  and  aperture  length  in  wavelengths  is  shown  in 
‘igure  5.  If  we  assume  a maximum  diffraction  limited  aperture  of  1000  wave- 

resolution  at  aircraft  ranges  of  50  km  or  less  is  acceptable  for 
some  earth  resource  applications.  However,  at  orbital  altitudes  the  best  resol- 
ution IS  of  the  order  of  1 km,  and.  may  be  of  little  value.  In  additiof  fof 
aircraft  or  satellite  applications,  physical  apertures  of  this  length  would  be 
practical  only  at  wavelengths  of  1 cm  or  less.^  Hence,  real  apertlfradars  are 
generally  useful  only  at  short  range  or  short  wavelengths. 

By  coherently  recording  and  then  processing  the  radar  returns  from  sevp-ral 


suiting  azimuth  resolution  limit  of 


(2) 


synthetic  aperture  length  is  equal  to  the  real  aperture  resolution 
Son  Jf  ^ ‘^his  in  Eq.  2 gives  the  lower  bound  on  azimuth  resolu- 


which  IS  independent  of  range  and  wavelength.  A system  attaining  this  limitinir 

a fully  focussed  SAR.  In  many  cases,  requilements  o^Ss- 
required  or  attainaMe  synthetic  apertuS  length 

comp.«"Sn"«tio  la  the  ezlmeth  proe.esot 


C 


RX 


(4) 


Note  that  is  proportional  to  range  and  wavelength,  but  most  imnortantlv  is 

inversely  proportional  to  the  square  of  azimuth  resolution.  Typical  SAR  azimuth 
compression  ratios  vary  from  10  to  200.  lypicai  sak  azimuth 

second  measure  of  complexity  is  the  beam- sharpening  ratio  which  is  the 
o real  aperture  resolution  to  synthetic  aperture  resolution,  given  by 


^A  = 


RX 

•^aPa 


(5) 


In  particular. 


""a  ^ 


the  limiting  case  being  a fully  focused  SAR. 


In  general  a SAR  system  also  requires  range  compression.  This  is  because 
average  power  is  proportional  to  pulse  width.  If  the  transmitted  puLe  wa^made 
sufficiently  short  to  achieve  the  required  range  resolution,  the  average  trans- 
^tted  power  (assuming  a peak  power  limited  transmitter)  would  be  insufficient 
to  achieve  an  adequate  signal-to-noise  ratio.  Hence,  conventional  radar  pulse 
compression  techniques  are  used,  in  which  a sufficiently  long  phase  modulated 
pulse  IS  transmitted.  The  resolution  of  the  compressed  pulse  is  inversely  pro- 
portional to  the  transmitted  bandwidth,:  B,  Hence  the  achievable  ground  range 
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resolution  is  given  by 


where  c = velocity  of  propagation, 

B = radar  bandwidth,  and 
(Ji  = incidence  angle. 

The  range  compression  ratio  is  given  by  the  pulse  time-bandwidth  product, 

C„  = TB  (7) 

K 


where  T = transmitted  pulse  length. 

Typical  pulse  compression  ratios  for  SAR  vary  from  30  to  600. 


4 

NON- COHERENT  INTEGRATION 

The  previous  section  addressed  SAR  coherent  processing  requirements.  In 
many  cases,  system  errors,  or  processing  cost,  limit  azimuth  resolution  to 
several  times  the  theoretical  limit.  In  this  case,  it  is  possible  to  separately 
process  the  remaining  portions  of  the  total  available  aperture  and  then  non- 
coherently  sum  the  resulting  images.  This  results  in  an  image  of  the  same 
resolution,  but  having  significantly  reduced  speckle.  In  a similar  manner,  ex- 
cess range  bandwidth  can  be  transmitted,  and  the  resulting  signals  separately 
processed  to  obtain  statistically  uncorrelated  images  which  can  be  non- coherently 
combined  to  reduce  the  speckle  associated  with  single-look  coherent  images  [2J. 

The  first  technique  is  referred  to  as  the  use  of  angle  diversity  since  it 
uses  different  portions  of  the  angular  azimuth  beamwidth  to  obtain  the  separate 
looks.  The  second  technique  is  termed  frequency  diversity  since _ separate 
transmitted  frequency  bands  are  used.  This  combined  processing  is  generally 
termed  mixed  integration  or  multiple-look  SAR  processing.  Examples  of  1,  4 and 
16-look  processing  of  an  orchard  at  6 x 6 meter  resolution  is  shown  in  Figures 
6(a)  through  6(c).  Note  the  improvement  in  image  interpretability  due  to  the 
smoothing  or  speckle  reduction  obtained  by  mixed  integration.  Figure  6(d)  shows 
the  same  scene  in  which  the  available  data  has  been  completely  coherently  pro- 
cessed to  a resolution  of  1.5  x 2.1  meters.  This  image  has  the  same  speckle 
amplitude  statistics  as  Figure  6(a),  but  the  speckle  area  has  been  reduced  by 
more  than  a factor  of  10,  and  hence  is  less  objectionable  to _ the  observer. _ In 
addition,  the  finer  resolution  of  Figure  6(d)  results  in  a higher  infonnatron 
content,  and  generally  more  useful  image.  The  conclusion  is  that  the  image 
formation  processor  should  be  designed  to  achieve  the  finest  possible  resolution 
consistent  with  system  phase  errors  and  processing  cost. ^ Tt*  n , any  additional 
bandwidth  or  azimuth  beamwidth  should  be  used  for  mixed  intet'*  ation  processing 
to  reduce  image  speckle. 

Functional  diagrams  of  mixed  integration  processing  using  angle  diversity 
and  frequency  diversity  are  shown  in  Figures  7(a)  and  7(b).  Figure  7(b)  shows 
that  similar  multiple  processors  are  used  to  obtain  the  separate  images  which 
are  then  non- coherently  combined. 


5 

SAR  IMAGE-FORMATION  PROCESSING  TECHNIQUES 

From  the  previous  sections,  we  observe  that  SAR  image  formation  processing 
consists  of  the  following  principal  steps;  (1)  signal  recording,  (2)  range/  _ 
azimuth  correlation,  (3)  non-coherent  integration  and  (4)  display.  The  princi- 
pal technologies  applied  to  SAR  processing  have  been  (1)  electronic,  (2)  optical, 
(3)  digital,  and  (4)  hybrid  techniques.  Analog  electronic  techniques  were  ini- 
tially used'  to  demonstrate  that  resolution  finer  than  the  real  aperture  beamwidth 
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rould  be  obtained  by  Doppler  signal  filtering.  However,  these  processors  did 
no^have  the  capability  of  achilving  the  aperture  limitxng  resolution  of  a 
fully  focused  SAB.. 

that  j ™ “sriis /to'tL'Cor^/ 

processed,  \owever,  digital  techniques  are  now  being  introduced,  with  certain 
advantages,  in  SAR  image-formation  processing  applications, 

If  brute  force  digital  techniques  were  usee  ;'or  SAR  image-formation  pro- 
cessine  several  thousand  multiplications  and  additions  might  be  required  fo^ 

^ apnerated  The  use  of  efficient  signal  processing  algorithms 

?Rp^Bast  Fourier  Transform  (FFT)  can  reduce  this  computational  load  by 
or?erf  ol  LgfituSr  thL  makS^  processing  feasible.  However,  computer 

memoS  ?equflemenS  ’ aS  enormoul.  I typiLl  SAR  rL"?|pif 

a mefflorv  size  of  several  hundred  megabits.  It  is  only  recently,  due  to  rapid 
Advances  in  L?egrated  circuit  technology,  that  real-time,  or  near-real  time, 
digital  processing  of  large-scene  fine-resolution  radar  images  nas  become 
technically  and  economically  feasible. 


5.1  OPTICAL  PROCESSING 

A block  diaeram  of  a typical  SAR  system  using  coherent  optical  processing 
is  shLi?n  Figure  8.  Data  is  recorded  on  photographic  film,  either  on-board 
tLradL  vehicle,  or  on  the  ground  via  a wideband  data  link  The  developed 
sipnal  film  is  placed  in  an  optical  correlator  and  the  correlator  output  J^^^ge 
is^recorded  on  film.  An  image  digitizer  may  also  be  included  as  part  of  the 
correlator  in  order  to  generate  data  for  further  image  processing  by  a digital 

computer . 

Details  of  the  recording  geometry  are  shown  in  Figure  9.  Figure  10  shows 
the  resulting  signal  history  of  a single  point  target  as  recorded  on  film.  h 
chLerin  slint  range  is  exaggerated  in  this  figure  to  show  that  the  range  to 
tSftarSt  Sgen^ing  thfrecording  of  the  deta  in  a synthetic  aperture^ 

If  this^change  in  range  (range  curvature)  is  excessive,  additional  special  pro- 

•fnrm  i' t transmitted  for  range  pulse  compression.  xhe  resulting  signal  is  tnen 
equivalent  to  a distorted  Fresnel  zone  plate  which  has  certain  self-focusing 
properties  which  make  optical  processing  feasible. 

11  T « 3 diafrram  of  a tilted-plane  optical  correlator  [4]  which  would 
be  usId^trprLeL  the  lignaffllm  oFFilure  10^  The  tilt  angles  of  the  input 
aud  outnu?  fil^  Ind  thi  Irrangement  of  ipherical  and  cylindrical  lensesarere- 
qu?ref?f  coSensate  Sr  the  fict  that  th"e  focal  properties  of/he  signal  film 
are  different  in  the  range  and  azimuth  directions,  and  that  the  azimuth  toe _ 
varies  with  range  This  processor  configuration  is  also  capable  of  performing 
mixed  integratiin'processing  of  SAR  data.  Its  conception _ and  demonstration  at 
The  University  of  Michigan  in  the  early  1960  s was  a significant  milestone 
SAR  image-formation  processing  technology. 

5.2  DIGITAL  PROCESSING 

A block  diagram  of  a typical  SAR  system  using  digital  processing  techniques 
is  shown  ifFigule  12  In  this  case,  the  signals  are  digitized,  buffered  and 
then  stored  on\igh-density  magnetic  tape.  The  tape 

28-track  instrumentation  recorders  recording  digital  data  at  a density  or  . 

M (50,800  bl«  par  p«  track.  “ 

real  time  or  slowed  down  by  factors  of  32:1  to  128.1  for  processing. 

A functional  dia-ram  of  a possible  digital  processor  configuration  for  the 
SEASAT-A  radar  is  shown  in  Figure  13.  The  digitally  recorded  ^ 

and  put  in  the  proper  format  for  computer  processing.  If  the 
much  sampling  rate  introduced  by  the  radar  Pul®?  or  if  angle 

much  higher  than  one  sample  per  azimuth  resolution  cell  spacing,  or 
diversity  is  being  used,  the  data  may  be  prefiltered  or  presumed  in  azimuth  to 
reduce  the  processor  data  rate  and  memory  requirement. 


Range  compression  is  typically  done  first,  although,  in  some  cases,  it  is 
advantageous  to  do  it  after  azimuth  compression.  The  data  is  then  stored  in  the 
azimuth  memory.  The  azimuth  memory  size  is  determined  by  the  number  of  range 
samples  times  the  azimuth  compression  ratio  times  the  number  of  looks.  If  angle 
diversity  is  used,  an  additional  large  memory  is  needed  to  store  the  processed 
data  before  non-coherent  integration.  This  total  memory  represents  one  of  the 
major  investments  in  a digital  SAR  image  formation  processor.  Actual  memory  re* 
quirements  depend  somewhat  on  the  processing  algorithm  used,  but  a nominal  size 
is  given  by  the  following  expression 

»A  - f • ^ • <XA  + »A  - 1)  • <8) 
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where  W is  the  ground-range  swath;  pg  is  the  ground-range  resolution;  Ng  is  the 
number  of  range  looks  (frequency  diversity  factor)  and  is  the  number  of  azi- 
muth looks  (angle  diversity  factor);  q is  the  average  word  Size;  and  other  terms 
have  been  previously  defined.  The  first  term  in  Eq.  8 is  the  number  of  range 
samples,  the  second  term  is  the  azimuth  compression  ratio,  the  third  expression 
is  the  additional  memory  needed  for  non-coherent  integration,  and  the  last  term 
represents  the  word  size  and  a factor  of  two  to  satisfy  the  usual  Nyquist 
sampling  criterion.  Quantization  requirements  before  compression  are  modest. 
Typically  three  to  six  bits  are  adequate  because  of  the  dispersed  nature  of  the 
data.  After  compression  8 to  16  bits  may  be  required  if  linear  amplitude  coding 
is  used. 

It  is  important  to  note  that  if  range  and  azimuth  resolution  are  the  same, 
memory  requirements  are  inversely  proportional  to  the  cube  of  resolution. 

In  principle,  SAR  image  formation  processing  could  be  done  on  a general 
purpose  digital  computer.  However,  the  arithmetic  and  data  handling  requirements 
make  this  a very  slow  and  expensive  approach  for  large  images  requiring  large 
azmiuth  compression  ratios.  An  important  problem  is  the  azimuth  memory  data 
storage  which  can  be  interpreted  as  a large  two-dimensional  array  in  which  the 
range  samples  (returns  from  each  sample  pulse)  are  stored  as  rows,  and  the  azimuth 
samples  (for  a fixed  range)  are  stored  as  columns.  The  data  is  received  by  rows, 
and  range  compression  can  be  done  one  row  at  a time.  .After  range  compression, 
the  data  must  be  accessed  by  columns.  In  most  case.s  of  interest,  the  total  syn- 
thetic array  data  cannot  be  contained  in  high-speed  memory,  but  must  be  partitioned 
into  blocks  or  pages  on  auxiliary  low-speed  data  storage  (drums  or  disks). 
Therefore,  considerable  attention  must  be  given  to  relatively  slow  input/output 
(I/O)  data  handling  routines.  In  addition,  the  arithmetic  rates  of  affordable 
general  purpose  computers  are  too  slow  to  permit  reasonable  operational  processing 
rates.  Typical  SAR  image-formation  processing  times  for  useful  scene  sizes  would 
be  measured  in  hours  or  days  depending  on  the  particular  computer  configuration 
and  radar  parameters.  Hence,  general  purpose  computers  are  not  a serious  candi- 
date for  SAR  image-formation  processing  for  earth  resources  .;pplications . 

A second  approach  to  digital  processing  is  to  configure  a collection  of 
special  purpose  high-speed  signal  processors,  I/O  devices,  and  high-speed  memory 
under  the  control  of  a general-purpose  minicomputer  as  shown  ii.  Figure  14.  These 
special  purpose  processors  are  capable  of  performing  array  multiplications.  Fast 
Fourier  Transforms  (FFT's),  and  similar  signal  processing  operations  with  a single 
instruction.  Arithmetic  rates  may  be  on  the  order  of  10  to  20  million  complex 
multiplications  and  additions  per  second.  Coupled  with  an  efficient  memory 
management  system,  this  configuration  is  considerably  faster,  more  efficient,  and 
generally  cheaper  than  a general  purpose  computer  system.  However,  such  a system 
is  generally  unable  to  operate  in  real-time  due  to  arithmetic  and  I/O  data  rate 
limitations.  Typical  I/O  devices  associated  with  this  type  of  a processor  would 
be  high-density  digital  tape  recorders  operating  at  a data  slow-down  of  the  order 
of  32:1. 

For  real-time  applications,  special  purpose  hardwired  computers  are  used  for 
SAR  digital  image-formation  processing.  These  units  are  designed  to  match  the 
arithmetic  and  data  flow  requirements  for  SA.R  signals . A large  degree  of 
parallelism  may  be  used  to  attain  the  required  data  rate. 
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Several  programs  sponsored  by  the  U.S.  Air  Force  and  Navy  have  demonstrated 
the  possibility  or  digital  SAS  image  formation  processing.  The  most  ambitious 
program  currently  under  development  is  the  SAPPHIRE  processor  which  will  be  dis- 
cussed in  a later  section  of  this  paper. 


6 

EXPLOITATION 


Once  an  image  has  been  obtained  from,  the  SAR 
usual  techniques  may  be  employed  for  exploitation. 


image  formation  processor  the 


The  digital  exploitation  of  optical  scanner  data  has  achieved  a high  dearee 
of  sophistication.  To  date,  little  work  has  been  performed  using  digital  pro- 
cessing techniques  to  exploit  synthetic  aperture  radar  data,  SAR  data  due  to 
Its  unique  geometry  and  collection  procedure  creates  special  data  processing 
problems  [5],  r *£, 


Among  the  processes  used  on  SAR  data  with  success  for  feature  enhancement 
are  level  slicing  of  single  channel  data,  ratioing  of  two  channels  (X-L  band  and 
cross  polarized),  additive  and  subtractive  combinations  of  multiple  bands  and 
various  smoothing  and  classification  algorithms.  The  processed  SAR  data  can  be 
displayed  on  black  and  white  and  color  CRT  computer  terminals  for  operator  inter- 
action  or  can  be  produced  as  hard  copy  output  using  a color  ink  jet  printer. 
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SEASAT-A  IMAGE  FORMATION  PROCESSING  REQUIREMENTS 

The  planned  SEASAT-A  radar  will  operate  at  a wavelength  of  23  cm  with  an 
Ll-meter  antenna  having  a beamwidth  of  the  order  of  1 degree.  The  real  aperture 
resolution  on  the  ground  at  an  altitude  of  800  km  is  about  15  km.  The  radar 
will  have  a_ transmitted  bandwidth  of  19  MHz,  pulse  length  of  33  nsec,  and  a 
pulse  repetition  frequency  (PRF)  of  1463  to  1645  pulses  per  second.  The  raw 
data  will  be  telemetered  to  the  ground  as  an  analog  signal  where  it  will  be  re- 
ceived, digitized  to  5-bits  at  a rate  of  45.5  megasamples  per  second  and  recorded 
on  a high-density  digital  tape  recorder  for  subsequent  image  formation  processing. 

The  compressed  signal  resolution  requirements  are  7.9  m in  slant  range  (25  m 
on^the  surface  at  a 20  degree  incidence  angle)  and  25  m in  azimuth.  Angle  diver- 
sity processing  is  to  be  used  to  generate  the  maximum  capability  of  four  azimuth 
required  range  and  azimuth  compression  ratios  are  approximately  640 
and  100,  respectively,  for  each  independent  look. 

7“^®  range  swath  is  100  km  and  the  azimuth  extent  for  each  10-minute  pas.s  is 
4000  km.  A total  of  400  passes  will  be  recorded.  Of  these,  260  will  be  pro- 
cessed into  film  strips  and  26  of  those  will  also  be  recorded  on  computer 
compatible  tape  as  100  ^ 100  km  frames.  The  output  images  will  be  geometrically 
corrected  (in  ground  range  coordinates) . 

,o  1-  processing  time-lines  are:  (1)  quick  look  of  etch  pass  within 

on  ^2)  film  imagery  within  10  days  of  recording,  and  (3)  CCT  imagery  within 

20  days  of  request. 

.-1,  The  single-pass  SEASAT-A  image  formation  processing  requirements  are  within 
(.he  capabilities  of  current  optical  and  digital  processing  technology.  However 
the  proposed  operational  time-lines  and  output  data  handling  requirements  will 
place  severe  demands  on  the  system.  Optical  processing  has  the  advantages  of 
lower  cost  and  risk,  a significant  heritage  and  user  experience.  A digital  pro- 
cessor has  the  advantage  of  increased  flexibility  in  handling  geometric  corrections 
required  during  and  after  processing,  attaining  better  control  of  the  image  im- 
pulse I'esponse  side  lobes,  and  amplitude  calibration. 

The  final  selection  of  a SEASAT-A  image  formation  processing  approach  has 
not  yet  been  made.  However,  based  on  cost-performance  tradeoffs,  it  is  likely 
to  be  a hybrid  approach  involving  digital  or  electronic  pre-processing,  film 
recording,  optical  correlation,  and  both  film  and  image  digitization  readout 
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SAR  IMAGE  FORMATION  PROCESSOR  TECHNOLOGY 


This  section  gives  a brief  history  of  the  synthetic  aperture  radar  (SAR) 
processors  developed  and/or  used  at  Goodyear  Aerospace  Corporation  since  1952. 

The  first  SAR  processors  were  analog  electronic  devices  using  storage  tubes 
for  memory  and  one-pole  RC  or  two-pole  LG  electronic  filters  as  the  processing 
elements.  Resolutions  attained,  although  a small  fraction  of  the  illuminated 
beamwidth,  were  100  m or  more.  Later,  optical  data  processors,  more  commonly 
referred  to  as  correlators  or  correlator-processors,  ^’ere  conceived  and  demon- 
strated at  the  Willow  Run  Laboratory  of  The  University  of  Michigan  (now  ERIM) 
and  developed  at  Goodyear  Aerospace  Corporation  for  operational  use.  These 
transform  holographic  phase  histories,  which  were  recorded  on  airborne  radar 
signal  films,  into  radar  images.  For  example,  fully  automatic  correlator- 
processors  have  been  designed  and  manufactured  for  such  systems  as  the  AN/APQ- 
102A  and  AN/UPD-4.  Many  of  these  devices,  similar  to  the  one  shown  in  Figure  15 
(ES-82A  correlator-processor),  have  self-contained,  automatic  film  processing 
systems,  functionally  described  in  Figure  16,  that  enable  the  rapid  development, 
fixing,  and  drying  of  data  and  image  films.  Illuminated  viewing  tables  permit 
the  analysis  of  the  final  image  film  immediately  after  processing.  This  type  of 
unit  has  been  used  with  a wideband  data  link  to  provide  real-rate,  near-real 
time  processing  and  viewing  of  radar  imagery.  Film  transport  and  chemical  pro- 
cessing requirements  necessitate  approximately  five  minutes  delay  from  radar 
illumination  of  an  area  to  viewing  the  same  area  on  the  attached  viewing  table. 
Typical  imagery  from  the  AN/GPD-4  radar  processed  on  the  ES-83A  correlators 
shown  in  Figure  17 . 

More  versatile  laboratory  environment  optical  correlators  have  also  been  de- 
signed and  manufactured  by  Goodyear  Aerospace,  patterned  after  the  precision 
optical  processor  designed  at  The  University  of  Michigan  in  the  mid-1950's.  One 
example  is  given  in  Figure  18  which  shows  the  Universal  Radar  Signal  Processor 
developed  and  built  for  the  U.S.  Army  Engineers  Topographic  Laboratory,  Fort 
Belvoir,  Virginia.  Various  film  sizes  and  formats  (70  mm  to  9 in)  can  be  pro- 
cessed. It  was  truly  a Universal  radar  signal  processor  because  it  could  process 
radar  rV,ta  for  any  SAR  in  existence  at  the  time  (1968).  In  general,  optics 
technology  has  not  been  a constraint  on  the  capabilities  of  optical  correlators. 
Film  technology  and  film  recording  technology  have  usually  been  the  determining 
factors  for  resolution,  swath  width,  and  dynamic  range  in  optical  correlators. 
Color  film  has  been  used  at  the  output  image  plane  to  obtain  greater  dynamic 
range.  Standard  three- emulsion  (three  colors)  film  is  used.  Each  emulsion  has 
a sensitivity  to  the  chosen  monochromatic  source  different  from  that  processed  by 
the  others.  Improvements  in  capturing  the  dynamic  range  of  optical  correlators 
have  recently  been  implemented  at  both  the  Environmental  Research  Institute  of 
Michigan  (ERIM)  and  Goodyear  Aerospace  Corporation.  The  improvement  included  an 
image  dissector  placed  at  the  output  image  plane,  analog-to-digital  (A/D)  conver- 
sion, and  recording  on  computer-compatible  magnetic  tape. 

Because  of  recent  advances  in  integrated  circuit  technology,  real-time  digi- 
tal processing  of  large  scene,  fine-resolution  radar  images  has  become  technically 
and  economically  feasible.  The  most  significant  characteristics  of  real-time 
digital  SAR  processors  are  memory  size  and  processing  rate.  Table  I lists  memory 
sizes  in  megabits  and  processing  rates  in  millions  of  instructions  per  second 
(MIPS)  for  some  recently  developed  real-time  SAR  digital  processors.  The  table 
also  includes  some  large  scale,  general  purpose  digital  processors  for  comparison. 
The  SEASAT  processor  parameters  shown  assume  a real-time  full  swath,  four-look 
azimuth  processor.  It  should  be  noted  that  the  real-time  four-look  SEASAT  pro- 
cessor is  similar  in  memory  requirements  and  processing  rates  to  SAPPHIRE*,  a. 
digital  processor  developed  for  the  U.S.  Air  Force  as  a major  element  of  Phase  1 
of  the  AN/UPD-X  advanced  reconnaissance  radar  program.  The  purpose  of  SAPPHIRE 
is  to  demonstrate  the  practicality  of  building,  operating,  and  maintaining  a 
large  capacity,  hardwired,  high  performance  digital  processor  SAR  and  to  provide 
the  means  for  experimenting  with  a wide  range  of  performance  parameters  to  es- 
tablish the  optimum  configuration  of  an  operational  system.  SAPPHIRE  provides 


Synthetic  Aperture  precision  processor  High  REliability . 
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TABLE  I.  DIGITAL  PROCESSOR  TECHNOLOGY 


MEMORY  SIZE 
(MBITS) 

MIPS 

TECHNOLOGY  DATE 

sapphire 

35 

4,300 

1974 

RAPID 

6 

150 

1976 

HIRSADAP 

3.5 

1,000 

1971 

STARAN 

9.6 

64 

1970 

ILLIAC-4 

24 

8 

1,000 

15 

1966  OBJECTIVE 
ACCOMPLISHMENT 

SEASAT-A 

44 

15 , 000 

1978? 

an  18.5  km  (10  nmi)  swath  width  with  bettP-r  i-h^r, 

and  azimuth,  with  -30-dB  side  loLs  more  thp!!  5®®°lVtion  in  both  range 

tolerance  for  aircraft  motions  It ’has  nrovf?-!  dynamic  range,  and  a high 

tradeoff  studies,  for  color  encoded  display  stid?ep^°^  ^esolution/multiple-look 
real-time  change  detector.  A sample  of^SAPPMTPP  ^ interfacing  with  a 

The  SAPPHIRE  equipment  is  divi  APPHIRE  imagery  is  shown  in  Figure  19 

The  airborne 

to  only  that  required  for  the  final  xmaEe  a 9R  r>h  radar  data  rates 

corder  for  recording  that  data,  and  a Srol  conJol'r  ^^S^-density  tape  re- 
equipment is  a modified  AN/APD-10  siL-loSiL  f 

tial  navigation  system.  Provisions  are  system  and  an  LTN-51  iner- 

could  replace  the  tape  recorder  a ^ '^^ta  link  which 

azimuth  processors  with  the  required  wid^rang^orSp^^  both  range  and 

play  system  using  both  black  and  tradeoff  capability,  a dis- 

data  tape  playback  recorder  a digital  ^ ®’^°°ded  CRT  monitors,  a digital 

corder  for  hard-copy  imaging  ThI  KrbornP  ^ beam  re- 
installed in  a C-141  airiraft  tL  i,  SAPPHIRE  is  currently 

Figure  20.  aircratt.  The  ground-based  equipment  layout  is  shown  in 

procesSr^^\£°lMSATS^Lal-tSi®procL  digital  SAR 

measure  of  complexity  or  quality  of  SAR  cnrroi^^  shown  for  comparison.  A 

by  the  product  of  number  of  resolutio^^element^.n^  may  be  defined 

Sion,  azimuth  compression,  number  of  nrocesqincr  swath,  range  compres- 

digital  processor),  i.e.,  ^ ocessing  channels  (nimiber  of  looks  for  a 


The  SEASAT-A  processor  quality  factor  would  then  be 


(9) 


QF  = 4000  • 640 


200 


4 =2-10- 


seveLl  yeLf^is°Lo^  S'^Figure^2l'^^\lso'^sh^°'^®  over  the  past 

and  SEASAT  processors.  It  should  be  noted  thar^the'^SEST’''"®”?- SAPPHIRE 
quirements  are  equivalent  to  tbp  mnc-  oaf  j . ^“^SAT  quality  factor  re- 
in existence  today  ^ optical  or  digital  SAR  proceLors 


TABLE  II.  SAR  DIGITAL  PROCESSOR  PARAMETERS 


RANGE 

SWATH 

(PIXELS) 

RANGE 

COMPRESSION 

AZIMUTH 

COMPRESSION 

MEMORY  SIZE 
(MBITS) 

SAPPHIRE 

12,000 

144:1 

296:1 

35 

RAPID 

2,000 

16:1 

64:1 

6.2 

HIRSADAP 

3,000 

100:1 

96:1 

3.5 

SEASAT-A 

4,000 

640:1 

200:1 

44 

9 

SUMMARY 

Fine  resolution  coherent  microwave  imaging  systems  generally  require  sophis- 
ticated image  formation  processing  techniques  before  image  exploitation  techniques 
can  be  applied.  Some  of  the  requirements  and  present  technology  have  been 
reviewed  in  this  paper.  Additional  material  and  references  on  SAR  image  formation 
technology  can  be  found  in  [6]. 
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(a)  Uncorrected 


(b)  Corrected 


FIGURE  1.  OPTICAL  SCANNER  IMAGE 
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figure  6.  IMAGERY  SHOWING  EFFECT  OF  MIXED  INTEGRATION  AND  FINER  RESOLUTION 
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FIGURE  7.  FUNCTIONAL  DIAGRAM  OF  SAR  DIVERSITY  TECHNIQUES 


FIGURE  8.  SAR  OPTICAL  PROCESSING 
BLOCK  DIAGRAM 


AZIMUIH  DISTANCE 


FIGURE  15.  ES-83A  CORRELATOR  PROCESSOR 


FIGURE  16.  ES-83A  FUNCTIONAL  DIAGRAM 


FIGURE  17.  AN/UPD-4  IMAGERY 


FIGURE  18.  UNIVERSAL  RADAR  SIGNAL  PROCESSOR 
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A PBRSPECTIVI;  ON  THP.  STATP  OP  THE  ART  OF 

PHOTOGRAPH I C I NTERPRETATI ON 

John  E.  Estes 
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ABSTRACT 

Aerial  photography  is  the  oldest  form  of  what  has  come 
to  be  referred  to  as  remotely  sensed  data.  Aerial  photography 
has  the  widest  operational  application,  and  the  most  diverse 
array  of  techniques  and  methodologies  associated  with  its 
interpretation.  The  aerial  camera  is  the  most  widely  used 
sensor  system  today  and  is  typically  included  with  more 
"unconventional"  systems  in  sensor  packages  to  provide  "reli- 
albe"  documentation  of  environmental  conditions.  In  a very 
real  sense,  aerial  photography  and  photographic  interpreta- 
tion are  the  cornerstone  of  remote  sensing.  This  is  true 
even  though  tremendous  advances  have  been  made  in  the  tech- 
nology of  generating  images  by  other  than  photographic  means. 

Many  interpretative  techniques  used  on  data  from  these  "more 
advanced"  or  "unconventional"  imaging  systems  are  essentially 
extensions  of  techniques  originally  developed  for  the  analysis 
of  aerial  photographic  data.  Indeed,  as  research  on  the  analysis 
and  application  of  data  from  other  than  photographic  imaging 
systems  progresses,  the  role  of  the  interpretation  of  aerial 
photography  becomes  more  important.  It  is  these  photo  inter- 
pretation techniques  which  are  called  upon  to  provide  the 
"truth"  or  verification  to  substantiate  the  reliability  of 
the  interpretation  of  the  data  generated  by  the  new  system. 

It  is  essential  then,  that  any  individual  who  wishes  to 
practive  the  art  of  remote  sensing  data  analysis  gain  a 
thorough  knowledge  of  the  activities,  elements  and  tech- 
niques of  photographic/image  interpretation.  Nhile  the 
activities  and  elements  of  photo  interpretation  have  re- 
inained  essentially  the  same,  technique  development  has 
continued  to  progress.  In  addition  to  a thorough  review 
of  these  technique  advances,  I suggest  that  a more  critical 
appraisal  of  the  "why"  and  "how"  be  continued  in  photo 
interpretation  research.  In  particular,  additional  studies 
are  proposed  dealing  with  the  basics  of  interactive  process. 
Finally,  a strong  plea  is  made  for  the  new  generation  of 
remote  sensors  to  acquire  a good  background  in  manual 
techniques  lest  he  become  graphically  illiterate,  relying 
too  heavily  on  computer  capability  or  on  just  photo  or  image 
reading  rather  than  photo/image  interpretation. 
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INTRODUCTION 


This  paper  will  deal  with  the  current  state  of  the  art  of  aerial  photo- 
graphic interpretation.  Manual  photo  interpretation  techniques  will  bo  empha- 
sized as  they  are  the  most  widely  employed  types  of  analysis  in  use  today. 

This  paper  begins  with  a brief  synopsis  of  the  development  of  photographic 
image  interpretation.  This  is  followed  with  an  extended  discussion  of  the  basic 
tasks  of  the  photo  interpreter,  the  elements  of  photograpliic  interpretation  and 
the  techniques  of  interpretation.  Some  readers  may  feel  that  so  much  emphasis 
on  technique  is  inappropriate  for  a perspective  on  the  state  of  the  art  such  as 
this.  Obviously,  I disagree!  Today,  in  my  opinion,  I see  too  many  "remote 
sensors"  who  have  little  background  or  practical  experience  in  actual  nuts  and 
bolts  photo  interpretation.  Here  I believe  the  old  saying  "you  need  to  knowhow 
to  walk  before  you  can  run"  applies.  I feel  that  many  individuals  who  come  into 
the  field  today  get  swept  up  in  the  automated  "let  the  machine  do  it  all"  mystic. 
This  is  not  to  say  that  automated  techniques  do  not  have  their  place.  They  do, 
and  will  be  briefly  discussed  later.  But  I believe  that  a thorough  grounding 
in  the  activities,  elements  and  techniques  of  photo  interpretation  is  essential 
for  any  and  all  who  would  practice  tlie  art  of  remote  sensing.  Lastly,  the  paper 
concludes  with  a brief  analysis  of  the  state  of  the  art  of  photo  interpretation 
and  a discussion  of  possible  future  research  directions. 

Image  interpretation,  which  to  me  includes  the  analysis  of  photographic 
data,  can  be  defined  as  the  act  of  examining  images  for  the  purpose  of  identi- 
fying objects  and  judging  their  significance.  It  is  interesting  to  note  that 
in  the  glossary  of  the  Manual  of  Remote  Sensing,  Reeves  (197S)  defines  photo 
interpretation  such  that  image  interpretation  is  one  widely  used  form  under  it. 
The  Manual  gives  no  specific  definition  of  image  interpretation  in  and  of  itself. 
Aerial  photographic  interpretation  differs  from  direct  observation  in  areal  scope 
perspective  and  temporal  relationships.  It  is  similar,  however,  to  direct  ob- 
servation in  one  critical  respect;  the  amount  and  reliability  of  the  information 
obtained  depends  upon  the  training  and  aptitude  of  the  observer  and  on  the  na- 
ture and  complexity  of  the  scene  observed.  It  is  axiomatic  that  the  more 
knowledge  the  photo  interpreter  has  concerning; 

° the  systems  and  interactions  vrhich  combine  to  produce  the  photo  he  is 
analyzing; 

° the  elements  and  techniques  of  photo  Interpretation;  and, 

° the  overall  goals  of  his  interpretation 

the  higher  the  probability  that  his  interpretations  will  be  correct.  Photo  in- 
terpretation, like  statistics,  is  basically  a technique  by  which  probablistic 
statements  can  be  made  about  objects,  phenomena  and  relationships  which  may 
exist  in  our  environment. 

Aerial  photography  is  the  oldest  form  of  what  has  come  to  be  referred  to  as 
remotely  sensed  data.  As  such  it  has  the  widest  operational  application  and  the 
most  diverse  array  of  techniques  and  methodologies  associated  with  its  interpre- 
tation. In  a very  real  sense  the  interpretation  of  aerial  photography  remains 
the  cornerstone  of  remote  sensing.  This  is  true  even  though  tremendous  advances 
have  been  made  in  the  technology  of  generating  images  by  other  than  photographic 
means.  In  addition,  many  interpretation  techniques  used  on  data  from  these 
"more  advanced"  or  "unconventional"  imaging  systems  are  essentially  extensions 
of  techniques  originally  developed  for  the  analysis  of  aerial  photographic  data. 
’Indeed,  as  research  on  other  than  photographic  imaging  systems  progresses,  the 
role  of  intepretation  of  aerial  photography  becomes  more  critical.  These  are 
the  techniques  which  are  often  called  upon  to  provide  the  "truth"  or  verifica- 
tion to  substantiate  the  findings  of  the  interpretation  of  the  data  generated 
by  the  new  system.  Thus,  the  aerial  camera  is  the  most  widely  used  sensor 
system  and  is  typically  included  with  more  "unconventional"  systems  in  sensor 
packages  to  provide  "reliable"  documentation  of  environmental  conditions. 
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activities  of  photo  interpretation 
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Identification 

There  is  a General  rule  of  thumb  in  image  analysis  which  goes  as  follows: 

It  taSr?  resoldtion  ceils  oione  the  -ly'"  '""ss’Ll  dMection 

tahes  5 resolution  colls  flule.r-i;  C , describe  bach  individual  may  go  about 
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rearn"X°the'ri  ™r?fsponse  J Ss ’ Ifi’t^pro^a t iLis!'  tS  H^age 
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Measurement 

Image  interpreters , at  ^i-nes  measure^the _ exact^s^ 
sions  of  objects  by  means  of  scales  r either  a visual  estimate  of  the 

“ ^rSe^Sf  an^oKS^rof  nct^i!r:e?Jir^5?c^  Of  sbapo  or  density. 


Reasonably  coi-rect  estimation  of  dimensions  are  essential  to  correct  identifi- 
cation. 

Problem  Solving 

The  photo  interpreter  is  often  required  to  identify  objects  by  the  study 
of  associated  objects,  or  to  identify  object  complexes  from  their  component  ob- 
jects This  activity  is  one  form  of  problem  solving.  Most  problems  in  plioto 
interpretation  require  the  interpreter  to  have  at  his  command  knowledge  derived 
not  only  from  the  photos  themselves  but  from  the  relevant  field  or  fields  of 
Study  or  to  be  working  closely  with  individiuils  with  such  in-depth  knowledge. 
The  systematic  arrangement  of  particular  objects  and  phenomena  recorded  on 
aerial  photography  facilitate  interpretation  because  of  the  orderly  way  in  which 
the  objects  have  come  into  existence  on  the  Barth's  surface.  A geologic  pro- 
cess, for  example,  gives  rise  to  related  features  which  possess  the  orderliness 
of  common  origin.  Plant  associations  display  the  oidei linoss  of  common  envir 
onment.  Cultural  features,  associated  by  their  common  function,  form  industial 
complexes.  Appreciation  of  the  role  of  orderly  associations  in  the  interpie- 
Nation  process  proceeds  most  effectively  from  a combined  mastery  of  both  the 
interpretation  process  and  background  training  in  physical,  biological,  or 
environmental  sciences. 


ELEMENTS  OF  PHOTO  INTERPRETATION 

Aerial  photography  represents  energy  reflected  in  the  visible^and  near 
visible  portions  of  the  electromagnetic  spectrum.  It  is  recorded  in, many  shapes 
sizes  and  scales.  An  understanding  of  the  basic  elements  of  image  interpreta- 
tion is  essenstial  to  the  efficient  and  effective  use  of  those  data. 

Tone  or  Color 

Tone,  whether  shades  of  gray  in  a black  and  white  photograph  or  color  as 
hue,  value  and  chroma  in  a color  photograph,  conveys  more  information  p a 
knowledgeable  interpreter  than  any  other  single  element  of  interpretation.  In 
almost  all  cases,  it  is  the  difference  in  tone  or  color  between,  obj ects  or 
between  an  object  and  its  background  I'rhich  is  important.  Without  such  a dif- 
ference in  tone  or  color  between  the  background  and  the  edge  of  an  object,  there 
can  be  no  detectable  image.  In  aerial  photographic  Interpretation  we  deal  with 
tone  as  representative  of  reflected  energy.  It  should  be  remembered,  however, 
that  with  the  range  of  sensor  systems  available  today,  tone  on  an  image  can  be 
the  product  not  only  of  reflected  energy  but  emitted  and  transmitted  energy  as 
well,  depending  on  the  sensor  system  acquiring  the  imagery. 

Size 

Size  is  an  extremely  important  element.  By  measuring  the  size  of  an  un- 
known object  on  an  image  an  interpreter  can  eliminate  from  consideration  whole 
groups  of  possible  identifications. 

Shape 

The  shape  or  form  of  some  objects  is  so  distinctive  that  they  may  be  iden- 
tified solely  from  this  criterion.  The  Pentagon _ Building  near  Washington  D.C. 
is  a classic  example.  However,  the  shapes  of  objects  seen  in  vertical  view  are 
sometimes  surprisingly  difficult  to  interpret.  The  plan  or  top  view  ofan  ob- 
ject is  so  different  from  the  familiar  profile  or  oblique  view  that  novice 
interpreters  have  been  known  to  fail  to  recognize  the  image  of  the  building  in 
which  they  were  working  (Estes  and  Simonett,  1975). 

Shadow 

Shadows  can  either  help  or  hinder  the  interpreter  for  they  reveal  silhou- 
ettes but  may  hide  detail.  Shadows  are  familiar  phenomena  and  inordinary  life 
we  often  judge  the  size  and  shape  of  objects  or  persons  by  observing  the  sha- 
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Resolution 
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objects  are  too  small  to  be  resolved,  or  even  IT  large,  may  otherwise  lack  suf'^ 
ficient  contrast  with  their  background  to  be  recognizable  on  an  image. 

Resolving  power  depends  on  many  factors.  The  first  and  often  the  most 
overlooked  requirement  is  that  a difference  must  exist  between  the  energy  reach- 
ing the  focal  plane  from  an  object  and  its  background.  If  there  is  no  differ- 
ence then  nothing  that  the  recording  system  can  do  will  create  a discernible 
image.  In  photographic  systems,  resolving  power  is  also  related  to  the  quality 
of  the  lens  and  the  spectral  sensitivity  of  the  film  emulsion, _ whereas  with 
scanning  systems  the  limitations  of  resolving  power  of  the  imaging  tube  along 
with  those  limitations  imposed  by  the  system's  electronics  and  the  geometry  of 
the  scanning  process  must  be  taken  into  account,  dust  as  the  finite  size  of 
silver  halide  grains  in  a photographic  emulsion  may  be  one  limiting  factor  in 
determining  ultimate  resolution  of  film  in  a camera,  so  the  finite  size  of  a_ 
scanning  electric  beam  and  the  rise  time  of  the  electronic  amplifiers  (the  time 
it  takes  to  switch  from  viewing  an  extrmemly  light  object  to  a very  dark  ob- 
ject! are  also  resolution  limiting. 

Resolution  can  be  talked  about  from  many  view  points.  Without  going  into 
great  detail  they  are: 

° GRD  - Ground  Resolved  Distance.  Pertains  to  the  length  or  size  of  the 
smallest  object  which  can  be  seen  on  a given  image. 

° LPM  - Line  Pairs  Per  Millimeter.  Pertains  to  the  number  of  line  pairs 
of  progressively  narrower  widths  at  a specified  contrast  ratio  which 
can  be  resolved  by  an  imaging  system. 

° Acutance  - a measure  of  the  sharpness  of  an  image.  The  human  eye  likes 
sharp  edges.  This  technique  uses  microdensitometry  to  develop  edge 
gradients  for  objects  in  a scene.  The  more  steep  the  tonal  gradient 
between  objects,  the  easier  they  should  be  to  differentiate, 

° Modulation  Transfer  Function  - the  point  spread  function  of  an  image. 

° Spectral  Resolution  - pertains  to  how  finely  we  can  discriminate  spec- 
tral bands  within  a given  region  through  filtration  or  other  techniques. 

° Radiometric  Resolution  - pertains  to  how  finely  we  can  subdivide  the 

levels  of  energy  (often  spoken  of  in  terms  of  temperatures)  emitted  from 
objects. 

In  general,  the  spatial  resolution  of  aerial  photography  is  directly  pi'o- 
portional  to:  (1)  the  brightness  of  the  object  to  be  resolved  in  contrast  with 

the  background  against  which  it  is  imaged;  (2)  the  aspect  ratio  (ratio  of  object 
length  to  object  width);  (3)  the  regularity  of  object  shape;  (4)  the  number  of 
objects  comprising  the  pattern  to  be  resolved;  (5)  the  uniformity  of  the  back- 
ground against  which  the  objects  are  imaged;  and  (6)  the  extent  of  the  back- 
ground against  which  the  objects  are  imaged. 

On  the  other  hand,  the  spatial  resolution  of  aerial  photography  is  inver- 
sely proportional  to  : (1)  the  gi'aininess  of  the  film;  (2)  the  amount  of  image 

motion  relative  to  the  film  during  the  instant  of  exposture;  and  (3)  the  amount 
of  atmospheric  haze  disturbance  between  the  camera  lens. 


TECHNIQUES  OF  PHOTO  INTERPRETATION 

Photographic  interpretation  has  been  defined  as  the  act  of  examining  photo- 
graphs and/or  Images,  for  the  purpose  of  identifying  objects  and  phenomena  and 
judging  their  significance.  The  better  the  interpreter  understands  the  purpose 
of  his  analysis  (that  is,  the  specific  use  to  which  his  analysis  will  be  put), 
the  better  job  he  can  do.  Therefore,  it  is  Important  that  the  interpreter 
understand  the  overall  task  of  which  his  analysis  is  part.  With  this  knowledge 


he  may  better  judge  the  significance  of  the  objects  and  phenomena  he  perceives 
on  the  photos  he  is  analyzing.  In  carrying  out  his  task,  an  interpreter  may 
use  many  more  types  of  data  or  information  than  those  recorded  on  the  photos/ 
images  he  is  to  interpret . These  data  are  often  grouped  under  headings  such  as  col- 
lateral material , ancillary  data,  onsite  verification  or  just  plain  fieldwork. 

Collateral  Material 

There  are  many  sources  of  collateral  material  and  the  interpretei  should 
take  advantage  of  all  of  these: 

° material  from  theopen  literature  (books,  articles,  reports,  maps, 
census  data,  etc.) 

° laboratory  measurements 

° photo  interpretation  keys  (e.g.  elimination,  selective  and  descriptive) 

° field  work 

° other  image  sources  - ground,  aerial,  space 

The  interpreter  should  be  careful  in  the  use  of  collateral  material.  He 
must  always  remember  that  these  data  have  a variance  of  their  owm;  and  that 
although  collateral  material  is  often  used  as  the  "truth"  against  which  re- 
motely sensed  data  are  judged,  there  are  cases  where  the  truth  may  not  be 
absolute.  There  may  be  times  when  the  interpreted  image  may  provide  a more 
accurate  record  tlien  the  collateral. 

Stereoscopic  Viewing 

One  of  the  most  used  photographic  interpretation  techniques  is  stereoscopic 
analysis.  The  principle  of  stereoscopy  (depth  perception)  should  be  understood 
by  every  image  interpreter.  With  binocular  vision,  when  the  eyes  are  focused 
on  a given  point,  the  optical  axes  of  the  two  eyes  converge  on  that  point 
intcTsecting  at  an  angle  called  the  parallactic  angle.  The  nearer  the  object, 
the  greater  the  parallactic  angle.  The  shortest  distance  of  clear  stereoscopic 
depth  perception  for  the  average  adult  is  about  25  cm.  Objects  can  be  focused 
at  distances  as  short  as  15  cm,  but  such  close  viewing  causes  excessive  eye- 
strain.  The  maximum  parallactic  angle  formed  by  the  eyes  is  approximately  . 
The  maximum  distance  at  which  distinct  stereoscopic  depth  perception  is  possible 
is  approximately  500  m for  tlio  average  adult.  Beyond  that  distance,  parallactic 
angles  are  extremely  small  and  changes  in  parallactic  angles  necessary  for 
depth  perception  cannot  be  discerned. 

An  image  interpreter  can  create  a three-dimensional  or  steieoscopic  model 
of  terrain  by  viev^^ing  overlapping  imagery.  The  photographic  basis  for  stereo- 
scopy are  the  principles  of  image  displacement  and  stereoscopic  parallax.  These 
topics  are  beyond  the  scope  of  this  brief  discussion.  It  is  important, ^however , 
to  restate  that  many  interpreters  consider  height  or  the  ability  to  achieve 
stereoscopic  analysis,  as  one  of  the  most  important  aspects  of  photographic  in- 
terpretation. 

Methods  of  Search 

There  are  two  basic  general  methods  which  may  be  used  to  study  aerial 
imagery:  the  "fishing  expedition"  and  the  logical  search. 

Image  interpreters  have  learned  that  aerial  photography  and  remote  sensing 
imagery  is  full  of  surprises.  They  are  often  tempted  to  examine  every  object 
in  every  photograph  so  as  not  to  miss  anything.  This  is  the  fishing  expedi- 
tion; a method  of  search  that  is  not  frequently  used.  Fishing  yields  large 
amounts  of  information,  including  much  that  is  not  pertinent  to  the  subject  at 
hand.  It  requires  a more  leisurely  effort  than  the  interpreter  can  often 
afford. 


r 
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By  resorting  to  probnbil it ios , 
in  tlic  time  available.  He  searches 
interest  are  1 ibely  to  be  found,  and 
which  are  not  lihely  to  contain  des 
is  logical  search,  a combination  of 
demands  more  experience  than  the  fi 
to  decide  where  intensive  study  wil 
ever,  it  is  much  more  productive  in 


the  interpreter  can  work  more  efficiently 
only  tho.se  areas  in  which  the  objects  of 
disregards  large  regions  or  entire  images 
ired  information.  This  selective  method 
quick  scanning  and  intensive  study.  It 
siting  expedition  since  the  interpreter  has 
1 yield  the  best  results.  In  general,  how- 
relation  to  the  time  and  effort  expended. 


A knowledgeable  interpreter  typically  begins  his  task  hy_a  close  examina- 
tion of  all  details  thought  to  be  relevant.  Most  experienced  interpreters  pre- 
fer to  begin  by  scanning  the  area  as  a whole.  They  are  tlien  prepared  for 
intelligent  selection  and  the  study  of  detail.  In  most  instances  the  inter- 
preter will  then  follow  the  following  guidelines: 


1.  Proceed  from  general  con.sidorations  to  specific  detail 

2.  Proceed  from  known  to  the  unknown. 

3.  Work  methodically. 


Again  however,  care  should  be  taken  in  proceeding  from  general  to  specific 
considerations.  This  is  desirable  as  long  as  the  con.s  1 derat  ions  _ of  general 
(sometimes  called  regionaij  features  do  not  bias  the  interpretation  of  tbe^ 


.specifics.  Specific,  local  considerations  often  provide  evidence  needed  to 
complete  or  confirm  the  broader  regionai  pattern.  In  most  cases,  general  and 
specific  features  must  be  considered  together.  To  say  that  one  must  come  be- 
fore the  other  can  be  misleading.  To  go  further  than  this  and  propose  that _ __ 
interpretation  should  proceed  from  one  specific  group  of  features  to  anothei  is 
an  unwarranted  channeling  of  the  infinite  variation  that  the  interpreter  _ 
encounters  (Olsen,  1973).  Working  from  the  known  to  the  unknown  is  basic  mall 
science.  Often  known  objects  or  phenomena  provide  important  clues  to  the 
identity  and  significance  of  unknown  objects  and/or  phenomena.  Finally,  by 
proceeding  methodically  there  is  less  chance  that  the  interpreter  will  fail  to 
detect  details  significant  to  his  task.  By  proceeding  in  a logical,  methodical 
manner  always  bearing  in  mind  the  final  goal  of  task,  the  inteiprotcr  is  _ai 
more  likely  to  achieve  significant  results  then  if  a nonstructured  analysis 
was  conducted. 


The  Use  of  Multiple  Images 


Advances  in  sensor  and  platform  technology  have  increased  the  amount  and 
types  of  information  available  to  the  image  interpreter.  Sensor  systems  cur- 
rently being  used  are  capable  of  presenting  the  interpreter  with  a visual 
representation  of  energy  emitted,  reflected  and  transmitted  at  wavclengtJis  out 
side  the  visible  portion  of  the  electromagnetic  spectrum  and  therefore  beyond 
direct  visual  experience.  Available  sensor  platforms  can  acquire  image  pio- 
ducts  at  a variety  of  scales.  The  impact  of  those  technological  advances  has 
been  to  confront  the  interpreter  with  a multiplicity  of  data  for  interpreta- 
tion. 


Colwell  in  Chapter  1 of  the  Manual  of  Remote  Sensing  (1975)  discusses  tne 
broad  outline  of  what  he  calls  the  multiconcept  as  applied  to  the  acqui.sition 
and  analysis  of  any  or  all  types  of  remotely  sensed  data.  Components  of  the 
multiconccpt  include  imagery  acquired  from,  analyzed  by,  or  employed  for: 


multistation  (multiplatform) 

multiband  (multi spectral) 

multidate 

multistage 

multipolarization 


multidirection 
multienhancemerit 
multidisciplinary 
multi thematic 
multiuse 


While  these  concepts  are  germane  to  photo  interpretation,  they  apply  equally 
well  If  not  better  to  image  analysis  and  will  be  discussed  in  some  detail  ncre 
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Jji^lUiPl^tform)  - is  the  act  of  obtaining,  imai>erv  of  a niveii 
area  Froin  more  than  one  perspective.  This  produces  the  parallax  important  for 
stereoscopic  veiwing.  Multistation  can  also  ho  used  to  connote  the  acquisition 
of  imagery  from  multiple  platforms.  Today  we  have  the  capabilitv  to  acquire 

of  platforms  (towers  to  helicopters  to  aircraft  to  satel- 
iitch}  at  all  altitudes  {from  low  to  satellite). 


this  concept  is  basic  to  the  interpretation 


being  emitted  reflected  a^d^r  tran.smitted  from"  it ' i s ' broken^  dwn *^1010' car^^ 
fully  selected  wavelength  bands. 

_ The  multiband  concept  as  a term,  is  often  applied  to  tlie  analysis  and/or 
acquisition  of  imagp-y  from  within  a particular  wavelength  region  of  the  liM 
spectrum,  e.g.  visible,  ultraviolet,  or  thermal  infrared.  Another  term  which 
IS  quite  similar  and  often  applied  to  the  acquisition  and  analysis  of  images 
|££!!U!'j?.f.e  than  one  wavelength  region  of  the  bM  spectrum  is  multi.spectral  feLte 
multispectral  image  analysis  is  commonly  used  to  denote  the 
analysis  of  imagery  created  by  energy  from  one  or  more  bands,  from  morrihan 

thermal'^i^fr'i^-pV-"  f®'S-  usmg  color  aerial  photography  in  coniunction  with 
thermal  infrared  imagery  to  analyze  the  thermal  and  .suspended  sediment  patterns 
in  a water  body).  .Just  as  two  or  more  bands  of  imagery  acquired  withL  thr 
isible  and  near-visible  portion  of  the  electromagnetic  spectrum  may  provide 

gJaplf  so%rrJnLr^^'t°?b  ^ -"ingle  broad-band  visible  photo- 

violet  1 • combined  analyses  of  images  acquired  in  the  ultra- 

violet, and/or  thepal  infrared,  and/or  microwave  bands  could  also  increase  the 
amount  of  information  extracted  by  the  interpreter.  It  is  importer  the^  for 
the  image  interpreter  to  become  aware  of  the  important  imaging  character isUcs 
of  noc  onlyphotographic  systems  but  a variety  of  other  sensor  systems  as  we^l 
This  potential  for  the  derivation  of  unique  tonal  signatures  through  the  use  of 

significCt?rthrtofafM  regions'^carenhLl 

signiiicantly  the  probability  of  making  correct  interpretations.  However 
mo^ass'^of  data^^''*’^  analysts  or  interpretation  system  in  a 

i^Hicidate  - Justas  the  recording  of  data  in  various  bands  of  the  spectrum 
can  provide  valuable  information  to  the  image  interpreter,  so  too  can  the  re- 

the  same  area  through  time.  Photo  Interpreters/ imag^ 
analysts  are  coming  to  the  realization  that  time  is  one  of  the  niost  important 

d bvertt  (Lintz,  Jr.  and  .Simonett,  1976)  discuss  what  they  term  the  envir- 
onmental modulation  transfer  function  concept.  Simply  stated,  this  concept 

of  temporal  environmental ’variabHUy^vhich 

-1  "^^^f^cult  to  achieve  a uniform  class  of  information  extraction  when 

transmittpJ^py^^’  spectral  or  temporal  (using  both  reflected,  emitted,  or 

9nergy)  resolution  is  fitted  to  a functional  categorization  of  a 
specific  environment.  Many  features  exhibit  unique  changes  with  the  passage  of 
time.  I-or  example,  it  may  be  difficult  even  with  the  use  of  multihand  multi- 
nr^orty  acquired  on  a single  data  to  discriminate  and  iS?fy  the  mix 

of  agricultural  crops , growing  in  a particular  area.  If  multiple  image  acquisi - 
tion  missions  are  coupled  with  a knowledge  of  the  crop  phenological  cycles  (crop 
calendar)  o£  the  area  under  investigation,  identification  is  improved.  This  is 
true  becausecrops  grown  in  an  area  generally  exhibit  unique  temporal  growth 
characteristics  which,  if  known  can  aid  in  identification.  Changes  in^urban 
areas,  flood  or  disaster  evaluation  and  monitoring  changes  in  cental  morphoTogv 
are  examples  of  studies  in  which  the  interpretation  of  multidate  imagery  can 
add  significant  information.  ^ 


r 
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Multistage  - This  pertains  to  the  acquisition  o£  photograpliy  at  different 
scales';  Thi s pho t o g r aphy  may  then  form  the  basis  of  multistage  sampling 
which  is  an  effective  tool  used  in  large  area  surveys.  Today,  remote  sensing 
can  provide  the  means  to  obtain  reliable  estimates  of  large  areas  from  relative- 
ly small  samples.  In  forest  and  agricultural  surveys,  aerial  photography  has 
long  been  used  to  improve  sampling  efficiency.  Among  the  techniques  employed 
are : 

* Stratified  sampling  Cohere  strata  are  defined  on  the  photos  by  delin- 
eating relatively  homogeneous  areas) ; 

* Double  sampling  with  stratified  sampling  at  the  first  phase;  and 

* Double  sampling  with  regression. 

As  previously  stated,  image  interpretation  is  basically  an  attempt  to  make 
probabilistic  statements  about  our  environment.  It  is  becoming  increasingly 
necessary  that  the  interpreter  become  aware  of  statistical  sampling  procedures 
such  as  those  listed  above  and  the  use  of  statistics  in  general. 

Basically,  in  a multistage  sampling  scheme,  progressively  more  detailed 
information  is  obtained  for  progressively  smaller  subsamples  of  the  area  under 
Investigation.  The  method  takes  advantage  of  the  increasingly  finer  resolution, 
which  can  be  provided  by  the  use  of  either  multiple  sensor  platforms  (such  as 
low  and  high  altitude  aircraft  and  spacecraft)  or  by  utilizing  a variety  of 
focal  lengths  from  a single  sensor  platform.  Most  operational  multistage  sam- 
pling techniques  being  used  today  are  geared  toward  the  use  of  medium  scale 
resource  photography  such  as  that  available  from  U.S.  government  agencies. 

Some,  however,  are  Iseginning  to  combine  these  photographs  from  traditional  sources 
with  Landsat  type  data.  In  multistage  sampling  then,  low,  intermediate  and 
high  altitude  images  as  well  as  satellite  data  act  as  subsamples  which  can  be 
used  to  increase  the  efficiency  of  the  sample  selection  in  each  subsequent 
stage.  The  precision  and  accuracy  of  the  estimated  information  depends  solely 
on  the  relationships  between  predictions  made  by  image  interpretation  and  the 
value  of  measured  characteristics  of  the  sample  units  used  to  estimate  popula- 
tion parameters  (Langely,  1968) . It  is  important  to  note  then  that  the  aerial 
photographs  and  thus  photo  interpretation  are  typically  found  at  the  most  de- 
tailed or  lowest  level  of  the  multistage  samples  forming  the  basis  for  higher 
order  statistical  evaluations.  The  methodology  is  easy  to  employ.  Operation- 
ally, the  technique  is  efficient  and  provides  for  a greater  portion  of  the 
work  to  be  concentrated  in  areas  of  high  value. 

Multiple  Polarization  - Objects  exhibit  differing  characteristics  with  re- 
spec  t'~to~TheTr~abTTIty~to~c  hang  e the  energy  from  the  sun,  which  can  be  consid- 
ered ts  vibrating  in  all  planes  and  filter  it  so  that  vibration  is  strongest  in 
a single  plane.  This  is  equally  true  for  both  active  and  passive  sensor  systems. 
Water  'erts  a strong  polarizing  influence  on  solar  energy  and  if  a spinning 
polarizing  flltei’  is  placed  in  front  of  a movie  camera  and  imagery  is  acquired 
at  the  proper  sun  angle  all  water  in  a given  scene  will  appear  to  alternately 
flash  and  grow  dim  making  for  easy  identification. 

Multidirectional  - Although  most  modern  aerial  imagery  is  acquired  from 
the  vertical  perspective,  there  are  instances  where  more  information  may  be 
obtained  if  images  of  the  same  area  are  acquired  from  one  or  more  oblique  or- 
ientations. This  may  especially  be  true  when  attempting  to  "see"  below  the 
edges  of  a vegetation  canopy;  however,  it  is  more  specifically  true  if  w'e  are 
examining  side-looking  airborne  radar  data  which  because  of  its  method  of 
acquisition  has  shadowing  problems.  If  detailed  knowledge  of  a complete  area 
of  moderate  to  steep  relief  is  to  be  acquired  it  may  be  necessary  to  fly  ima- 
gery from  as  many  as  four  .separate  look  directions. 

Multi enhancement  - It  is  beyond  the  scope  of  this  discussion  to  go  into 
the  variety  of  optical  and  electronic  image  enhancement  devices,  techniques, 
and  methodologies  capable  of  aiding  today's  image  analyst.  The  reader  wishing 
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more  information  in  this  area  should  consult  Chapter  12  in  Volume  I of  the 
Manual  of  Remote  Sensing  CSteiner  and  Salerno,  1975).  Basically,  both  types  of 
systems  take  their  basic  cueing  from  image  tone  Cwith  electronic  devices, 
texture  discrimination  has  also  been  added) . The  purpose  of  these  devices  is 
to  produce  a unique  tone  signature  for  the  object  or  phenomenon  of  interest 
against  its  background  of  all  other  imaged  objects  or  phenomena.  These  types 
of  devices  can  be  used  v^ith  either  photographic  or  scanner  data  which  has  been 
recorded  in  either  a digital  or  analog  form.  Such  technqiues  when  employed  in 
an  interactive  mode,  taking  advantage  of  both  man's  and  machine's  capabilities 
and  combining  them  with  image  processing  and  pattern  recognition  produce  a 
powerful  tool  for  the  interpreter. 

Multidisciplinary  Analysis  - It  has  been  stated  that  remote-sensor  data 
are  "one  time  write-many  times  read."  Basically,  this  means  that  one  image  can 
be  looked  at  by  a number  of  specialists  and  each  may  gain  information  of  value 
to  his  particluar  discipline  area.  In  order  to  ascertain  the  agricultural 
potential  of  a given  area,  a team  of  geologists,  hydrologists,  pedologists, 
agronomists,  meteorologists,  geographers,  foresters,  and  economists,  among 
others,  might  examine  imagery  of  a given  area.  By  liaving  interpreters  repre- 
senting various  discipline  specialities  interpret  imagery  in  concert,  a syner- 
gistic effect  can  be  created.  For  many  types  of  earth-resources  analysis  the 
use  of  the  conference  system  by  image  interpreters  of  varying  background  is 
likely  to  produce  a more  accurate  and  thorough  analysis  than  could  be  achieved 
by  a single  image  interpreter  working  alone. 

Multithematic  Presentation  - Just  as  there  is  a value  to  the  technique  of 
multidisciplinary  analysis , the  multithematic  presentation  of  data  of  can  also 
be  of  considerable  value  to  the  photo/image  interpreter.  When  we  remember  that 
the  basic  metliod  of  communicating  interpretations  is  labeling  in  either  carto- 
graphic or  tabular  form,  we  Can  begin  to  appreciate  the  significance  of  this 
technique.  Thus,  it  may  be  common  in  the  compilation  of  a complete  analysis 
of  a geographic  area  to  prepare  as  a separate  map  sheet,  with  attached  appro- 
priate tabular  measurements  or  statistical  data  on  the  following  themes: 
vegetation,  geology,  hydrology,  soils,  and  land  use.  In  this  realm  it  is  also 
becoming  more  and  more  common  to  see  information  depicted  on  a photomap  or 
orthophoto  map  base.  In  the  years  to  come  we  will  be  seeing  more  and  more  of 
this  type  of  presentation  as  well  as  the  use  of  images  from  other  than  photo- 
graphic systems  used  as  a base,  as  was  the  case  of  radar  being  used  as  the  base 
for  mapping  and  cartographic  presentation  in  project  RADAM. 

Multiuse  - Finally,  as  an  outgrowth  of  all  of  the  above  concepts,  the  in- 
terpreter should  be  aware  of  the  range  of  potential  applications  to  which  his 
analysis  may  be  put.  Data  from  a multithematic  presentation  such  as  that  dis- 
cussed above  could  be  used  to  varying  degrees  by  any  number  of  researchers  or 
decision  makers  at  many  levels  including  planners,  agronomists,  range  managers, 
hydrologic  engineers,  and  so  on.  ' 

Use  of  the  multiconcept  can  place  a considerable  burden  on  image  analysts 
unless  extreme  ca.re  is  taken  to  design  the  most  efficient  package  of  sensor 
platforms  and  dates  of  image  acquisi^on  for  a given  task.  It  may  be  good  to 
get  all  types  of  images  from  -all  altitudes  on  every  date  if  possible  but  the 
potential  for  miring  the  interpreter  in  a morass  of  irrelevant  data  is  great. 
The  emergence  of  the  raulticoncept , indeed  the  emergence  of  the  range  of  poten- 
tial images  which  can  be  placed  before  the  analyst,  demands  that  the  level  of 
environmental  and  systems  sophistication  of  the  interpreter  be  dramatically 
increased.  This  is  why  in  many  colleges  and  universities,  airphoto  interpre- 
tation and  remote  sensing  curricula  are  being  expanded  to  more  than  the  tra- 
ditional photo  interpretation  or  remote  sensing  courses. 

Convergence  of  Evidence 

Photo  interpretation  is  basically  a deductive  process;  features  that  can 
be  recognized  and  identified  directly  lead  the  image  interpreter  to  the  identi- 
fication and  location  of  other  features.  Even  though  all  aspects  of  an  area 
are  irreversibly  intertwined,  the  photo  interpreter  or  image  analyst  must  begin 
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feaLrel^’^then^’go  on”to'^other°Lpics^of^ landfonns,  vegetation 
of  the  facets  of  the  terrain  as  he  goes  For^onri,  f integrating  each 

of  the  interpreter's  understandin^orwhn^  ’ntcnsfetation  are  a function 

imagery,  what  collateral  inaterial®is  appropnatr^'and  hT'"  . acquire  the 

shape,  size,  tone,  shadow,  pattern  and\pvtnTo  how  and  why  images  exhibit 

an  understanding  of  site,  LsoriaUon  and  addition, 

preter's  ability  to  integrate  ^h^differen^  strengthens  the  inter- 

1-or  the  beginning  interpretei’  knowino  nil  making  up  the  terrain, 

may  be  a formidable  requirement.  Hence  he  techniques  of  image  analysis 

elements  of  image  intepretation ' to  proceed  systematically  review  the 

pretation  in  an  optimal  fashion.  integrated  terrain  inter- 

first™'c5'“"'’;Lic  fy‘Vtrr.  in«rpr.t„ 

arrangement  (pattern)  in  an  areal  contL-t^  features  and  then  consider  their 
themselves.  Critical  examination  of  \ ^ interpretations  may  suggest 

pretations  but  one  a^e  unlik^I^^or  imJiLlbie®"^ 

terpreting  images  involves  judging  degrees^of 'nrn^°i  m in- 
stated, the  more  the  interpreter  understind-s  tfe  + previously 

image  analysis,  as  well  as  whL'e  his  ® ychniques  and  elements  of 

he  is  interpreting  the  image  hie  hLJef his  proh^hi?^" 

becomes.  ^ uigner  nis  piobability  of  correct  analysis 


over  the^pLt°100^years\bes^not  mean°thathve  hav'^^'^T ' changed  little 

ed  all  the  questions,  or  indeed  even  know  wini- achieved  perfection,  answer- 
It  is  true  that  tasks  remaL  tie  cThectLn  of  1 oh 

of  a phenomenon,  identify  it  po<;<;iMv  object  or  the  occurrence 

The  elements  ofhone,  tehu1,1altc1  ftc  fif’  its  significance 

changed  however,  are  the  tecliAiaues  of  nWo' • h the  same.  What  has 

placed  upon  specific  techniques^  Altho^  the  emphasis 

as  the  remote  sensor  systemllioyef  1 photographj 

cations,  we  also  sec  aerial  pliotohaphv  beino  operational  appli- 

asa.nst  „Mch  i„g„,  f„„ 

basicJ  »"  '>»  t=»=Mag  of  tho 

tJ.e  fi.Kl  if  siLSg  “„a  »"<'  maiviiunls  li 

or  easy  to  pick  up."  I contend  tlnf  t’^sics  as  being  too  mundane 

ophy  which  is  an  integrathlpfl  h acfivlles®  of 

photo  interpretation,  is  essentfi  if V,  !’  elements,  and  techniques  of 

art  of  photi  adv.pco  tl.o  stJt.  of  th. 

easy  or  straight  forward  It  is  nnti^  m manual  interpretation  is 

but  for  the  really  silificnf  ^t_is  tedious,  often  exiting 

and  knowledge  of  elements  and  techniquhlresentof  i ingenuity, 

sired  information  for  the  user  Wo  ci  P^^csented  herein  to  achieve  the  de- 

of  the  operationalljpiieflons  of af fl  pWoflnf all 

foimed  using  basically  manual  rather  than  autnmsf mterpreation  are  pre- 
I see  this  Situation  cf ntinuLjMtf  1e“fo1s™f\^f  f off ^ techniques. 

have  in  the  area  of  maf  ilcMif  f nterfctivelf  considerably  more  depth  than  we 
and  analog  formats.  The  human  mind  is  nn  o^o  ^ images  in  digital 

tts  capabilities  properly  emlo^^fcl  l faf If hff 


173 


acles  of  many  imaije  processing  algorithms.  Although  many  individuals  pay  lip 
service  to  the  idea  of  interactive  processing,  1 believe  few  truly  understand 
the  significance  and  potential  of  the  concept;  while  many  still  rely  on  inter- 
pretation  as  being  Githcr  inanual  or  autoiuatcd.  A groat  deal  of  iGSCtircJi  is 
still  required  in  this  area  if  we  are  to  progress.  Research  on  topics  such 
as:  what  are  the  optimum  formats  for  data  presentation  to  the  interpreter; 
what  type  and  depth  of  training  must  the  interpreter  have  to  effectively^ 
accomplish  interaction;  are  there  psycho/jiliysiological  barriers  _ to  effective 
interactive  processing;  should  be  accomplished.  In  addition,  if  only  this 
much  is  done,  both  the  interpreter  and  the  systems  analyst  acquire  a basic, 
thorough  understanding  of  each  others  techniques,  methodologies  and  goals,  we 
will  have  already  taken  a large  step  forward. 

I also  see  a greater  and  more  significant  merging  in  the  photographic  and 
cartographic  areas.  The  use  of  orthophotography  for.  interpretation  purposes, 
provides  a significant  merging  of  interpretation  and  photogrammetry . Recent 
studies  such  as  those  by  Tlirower  and  densen  (1976)  describe  the  potential  of 
orthophotos  while  Jensen  (1976)  more  specifically  documents  the  relative  ease 
of  interpreting  objects  and  areas  on  aerial  orthophotograpliy . .Jensen  s 
conclusions  strongly  suggest  that  for  the  skilled  as  well  as  the  unskilled 
interpreter,  probabilities  of  more  accurate  interpretations  are  increased  lor 
certain  tasks  when  orthophotos  are  interpreted  as  opposed  to  conventional 
pliotograrametric  line  maps. 

To  some  extent  the  studies  of  Jensen  (1976)  deal  with  the  psychology  of 
picture  perception.  Researchers  attempting  to  advance  the  state  of  the  ait 
of  photo  interpretation  must  keep  abreast  of  studies  in  psychology  (e . g . Kennedy , 
1974-  Blaut,  et  al.,  1970)  and  combine  this  with  a knowledge  of  studies  in 
physiology  (e.g.  Morton  and  Stark,  1971;  Michael,  1969)  as  well.  It  is  a knowl- 
edge of  these  areas  which  will  help  us  to  expand  our  understanding  of  the  how 
of  photo  interpretation. 

Briefly,  continuing  along  this  line,  I see  a predominance  of  emphasis  to- 
day on  the  "what"  of  photographic  interpretation  rather  than  the  "how."  Wo  as 
rcsGarchers  hav6  spent  a great  deal  ot  time  in  recent  years  on  the  techniques 
and  applications  of  photo  interpretation  but  little  on  such  topics  as: 

° llow  do  we  determine  the  credentials  of  a qualified  photo  interpreter? 

° How  can  we  best  train  a person  to  interpret  a photograph? 

° How  can  we  find  the  optimum  conditions  conducive  to  the  analysis  of 
photographic  data? 

° How  should  an  interpreter  conduct  visual  search? 

° How  do  wo  determine  the  optimum  method  for  the  recording  of  an  inter- 
preters output  product  (labeling)? 

° How  can  w'e  find  whether  a significant  relationship  between  search  time, 
scales,  types  of  photography  and  tasks  exists? 

These  are  but  a few  of  tho  many  questions  which  should  be  answered  not  just  for 
photos  but  for  the  interpretation  of  all  Images  as  well.  Many  of  these  questions 
have  been  looked  at  in  the  past  in  scattered  studies.  Yet  these  arc  questxon.s 
which  I feel  at  present  remain  without  satisfactory  answers.  Each  of  those 
questions  demand  thorough,  careful  consideration.  As  a University  Prof es-sor, 

I feel  that  a master  thesis  or  even  a doctoral  dissertation  could  be  structured 
around  'each. ' 

In  the  Manual  of  Photographic  Interpretation,  Lundahl  and  Monsour  discuss 
their  perceptions  of  the  future  of  photo  interpretation  as  of  the  late  1950  s. 
Their  major  conclusions  include: 

° The  future  of  conventional  forms  of  photo  interpretation  are  assured 
in  both  the  civilian  and  military  areas  of  endeavor. 
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° The  increased  use  of  photo  interpretation  Avill  bo  stimulated  by  the 
financial  savings  which  the  technique  offers  when  compared  with  con- 
ventional ground  survey  methods. 

° The  continued  and  expanded  use  of  conventional  forms  of  photo  inter- 
pretation does  not  include  the  entire  future  of  the  field.  There  will 
be  an  increasing  need  for  interpretation  of  data  from  other  than  photo- 
graphic systems. 

Their  final  discussion  deals  with  the  importance  of  photo  interpretation  in 
future  space  travel  fat  the  time  the  Manual  was  written,  the  first  crude  tele- 
vision pictures  were  being  returned  to  earth  from  a satellite).  Quakenbrush 
CA.  Ed.,  1960),  Lundahl  and  Monsour  conclude  by  stating  that  "It  will  be  a 
momentous  day  when  the  photo  interpreter  looks  at  large  scale  stereoscopic  photo- 
graphs of  the  other  side  of  the  moon;  or  at  the  surface  of  Venus,  forever  ob- 
scured from  ear'th-bound  telescopes  by  its  perpetual  cloud  cover;  or  the  canals 
of  Mars;  or  the  bands  of  Jupiter;  or  the  rings  of  Saturn;  or  perhaps  even  the 
forms  of  life  that  are  evolving  on  some  planet  in  a distant  solar  system  where 
the  environment  is  so  much  like  that  on  Earth  that  humans  could  live  comfort- 
ably." The  authors  of  these  prognostications  were  remarkably  astute.  Each 
of  their  major  predictions  has  to  a very  real  extent  come  to  pass.  Only  their 
final  prediction  remains  to  be  truly  fulfilled,  although  one  could  argue  that 
it  certainly  has  been  fulfilled  in  spirit. 

As  I look  into  the  future,  these  are  the  things  which  I see  as  probable. 
Some  I believe  present  real  potential,  others  present  pitfalls  which  should  be 
closely  watclicd. 

* Higher  resolution  space  photography  and/or  imagery  from  advaiiced  scan- 
ners, imaging  synthetic  aperature  radar  systems,  or  cameras  utilizing 
the  optical  bar  principle  giving  us  both  high  resolution  and  wide  are 
coverage . 

* The  expanded  application  of  information  extracted  from  aerial  photo- 
graphs and  other  sensor  sy.stems  in  environmental  models.  Indeed,  image 
data  will  be  increasingly  employed  to  Improve  tlio  sophistication  of  our 
environmental  models  hv  distributing  model  input  data  more  appropriately 
ucioss  space  than  was  possible  with  point  source  or  lumped  parameter 
models . 

* The  continued  and  expanded  use  of  photo  and  image  interpretation  by 
planners  and  decision  makers  at  the  federal,  state  and  local  levels. 

* The  establishment  of  a national  and  international  geobase  information 
system  with  aerial  photography  and  other  remote  sensor  data  forming 
the  primary  inputs. 

* The  increased  use  of  photos  and/or  information  from  unconventional 
imaging  sys'tems  by  regulatory  agencies  charged  with  the  protection  of 
our  environment. 

Aerial  photographic  interpretation  .still  holds  great  promises  for  the 
ultimate  benefit  of  mankind  as  we  monitor  the  earth's  increasing  population 
and  dwindling  resource  base.  It  permits  the  super  powers  to  keep  track  of 
each  other ' s strategic  potential,  hopefully,:  as  Phillip  Klhss  in  his  book 
Secret  Sentries  in  Space  (1972)  contends,  decreasing  the  potential  for,  nuclear 
holocaust ! But  as  with''many  beneficial  technologies,  image  interpretation  pre- 
sents a two-edged  sword.  At  what  point  does  the  gathering  of  data  on  envir- 
onment resources  consitute  an  invasion  of  privacy?  Can  the  techniques  and 
methodologies  developed  through  the  years  for  the  benefit  of  mankind  be  turned 
against  man?  Does  the  future  road  on  which  image  analysis  is  taking  us  lead 
to  the  Shangri  La  of  Hilton's  Lost  Horizons  or  Orwell's  1^4?  Although  we  have 
come  a long  way  in  photo/image  analysis,  1 believe  that  we  have  only  scratched 
the  surface.  There  is  still  a great  deal  to  do. 
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GEOLOGIC  LINEAMENTS;  REMOTELY  SENSED 
BONANZAS  AND  EXTRAVAGANZAS 
D.  U.  Wise 

Dept,  of  Geology,  Univ . of  Mass. 

Amherst,  Mass. 

Lineaments  have  been  discovered  or  imagined  on  most  new  forms  of  geologic 
or  topographic  data  bases  over  the  last  11/2  centuries.  The  discoveries 
reached  a high  level  of  sophistication  early  in  this  century  v?ith  W.H.  Hobbs 
who  saw  and  described  on  topographic  maps  essentially  the  same  kinds  of  linea- 
ments which  subsequently  have  been  discovered  on  air  photo  mosaics,  radar 
imagery,  thermal  IR  imagery,  and  on  satellite  imagery  of  various  types. 

Skeptics  have  usually  been  more  numerous  than  believers  of  lineaments  but  the 
number  of  believers  commonly  increases  briefly  for  a time  after  each  new  data 
type  becomes  available.  This  has  been  especially  true  for  the  ERTS  imagery 
where  only  a relatively  low  level  of  imagination  is  required  to  see  linears , 
Most  remote  sensers  could  map  dozens  of  new  lineaments  on  an  ERTS  frame  and 
become  instant  true  believers.  Unfortunately  many  made  the  all  too  common 
assumption  that  features _ with  such  widespread  development  must  have  profound 
scientific  and  economic  importance,  an  idea  not  likely  to  be  discouraged  by 
those  trying  to  justify  space  expenditures  to  the  nation.  A flood  of  lineament 
poured  into  the  literature,  a flood  characterized  more  by  the  wide 
extent  of  its  areal  coverage  than  by  the  intellectual  depth  of  its  treatment, 
“he  time  for  some  of  the  flamboyant  promises  of  lineament  analysis  to  be 
realized  IS  now  at _ hand  and  many  true  believers  have  become  devout  skeptics. 
Lineaments  are  beginning  to  have  a very  bad  name  in  remote  sensing  circles 
(they  have  always ^had  a slightly  tainted  image  in  geologic  circles).  Because 
or  the^excesses  of  thelast  few  years  we  are  now  in  danger  of  seeing  lineament 
analysis  with  some  of  its  real  but  less  spectacular  values  being  reiected 
completely.  f*  •' 

Where  visible,  most  of  the  ERTS  type  lineaments  appear  to  be  quite  unspec- 
tacular zones  of  intense  pointing  or  very  minor  faulting,  localizing  ground- 
water  movement,  deeper  weathering,  and  possibly  very  minor  mineral  concentra- 
tion.  A few  may  be  related  to  true  bonanzas:  the  Albion-Incipio  trend  of 

Michigan  yields  maDor  hydrocarbon  production  from  a fracture  related  porosity 
zone;  the  large  new  Bluebell  oil  field  of  Utah  is  along  a major  lineament  in 
the  Green  River  Shale;  many  major  ore  bodies  are  localized  along  some  fracture 
trend.  However,  the  ERTS  type  lineaments  are  far  too  numerous  and  our  ability 
to  distinguish  among  them  is  too  limited  to  use  them  as  simple  indicators  of 
bon^zas.  Instead  we  should  consider  the  lineaments  as  indicators  of  very 
small  scale  fracturing  and  apply  them  to  problems  of  comparable  scale:  locali- 

zationof  bad  roof  problems  in  tunnels  and  mines;  water  well  location;  potential 
extensions  of  known  ore  prospects;  localized  zones  of  migration  in  oil  and  gas 
fields;  zones  of  more  rapid  spreading  of  underground  coal  fires;  locations  of 
potential  foundation  problems  in  power  plant  construction;  or  zones  of 
potential  leakage  near  dams. 

In  brief,  if  we  can  improve  our  methods  of  handling  these  features  and  cut 
down  our  expectations  about  them,  they  may  become  a reliable  work  horse  of 
remote  sensing.  Thewords  of  the  old  economic  geologist,  Josaih  Spur  are 
appropriate.  Geologists  are  free  with  extravaganzas,  but  only  God  can  make 
Donanzas . -- 
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COMPARATIVE  PLAMSTOLOGY  --  IDEAS  AND  METHODOLOGY; 


THEIR  APPLICATIOn  TO  TERRESTRIAL  GEOLOGIC  PROCESSES 

Harold  Masursky 

U.  S.  Geological  Survey 
Branch  of  Astrogeologic  Studies 
2255  North  Gemini  Drive 
Flagstaff,  Arizona  86001 

ABSTRACT 

The  Moon,  Mars  and  Mercury  have  been  studied  intensively  during  the  last 
decade.  Studies  of  Venus  and  the  satellites  of  Jupiter  and  Saturn  will  be  done 
shortly.  In  the  planetary  bodies  studied  to  date,  several  common  features  are 
observed:  They  are  all  heavily  cratered  by  impacting  debris;  the  crater  flux 

was  very  high  during  the  early  histories  of  the  planets  and  then  dropped  off 
rapidly;  cratering  continues  to  the  present.  All  bodies  are  highly  asymmetric 
with  ancient,  heavily-cratered  "continental"  rocks  forming  part  of  the  planet 
and  younger,  lowland-basalt  flows,  like  the  Earth's  ocean  basin  floors,  cover- 
ing the  remainder.  Study  of  returned  lunar  samples,  and  orbital  geochemical 
and  geophysical  data  has  led  to  the  hypothesis  of  evolution  of  the  terrestrial 
planets:  1)  accumulation  followed  by  continued,  less  intense  impact  cratering; 

2)  differentiation  into  core,  mantle  and  crust;  3)  early  mantle  convection 
lending  to  redistribution  of  the  continental  rocks  and  flooding  of  the  lowlands 
by  basaltic  lava  flows;  4)  continued  tectonic  and  volcanic  activity;  5)  and 
on  Mars  and  perhaps  Venus,  redistribution  of  weathered  and  eroded  sediments 
into  regional  and  local  eolian  blankets.  The  earliest  remote  sensing  tool  used 
in  planetary  exploration  was  imaging  data  at  various  scales,  that  is  now  cor- 
related and  enhanced  by  computer  techniques. 

In  addition,  some  30  lunar  data  sets  derived  from  remote  sensing  observa- 
tions have  been . reformatted  and  made  computer  compatible  to  permit  manipulation. 
Cross  correlation  studies  and  color  contour  displays  have  been  made  for  the 
lunar  geochemical  and  geophysical  consortium.  These  data  sets  are  displayed 
and  enhanced  using  the  same  techniques  used  for  computer  enhancement  of  images. 
This  is  a very  powerful  method  for  manipulating  large  data  arrays  in  order  to 
bring  out  similarities  and  differences.  Similar  techniques  are  being  applied 
to  Mars  and  Venus  data  sets. 

The  geologic  evolutionary  processes  mentioned  are  well  seen  on  the  Moon, 
still  better  developed  on  Mars,  and  best  developed  on  Earth.  Mercury  lies  be- 
tween the  evolutionary  stages  of  the  Moon  and  Mars  and  Venus'  position  in  the 
evolutionary  sequence  is  still  uncertain.  The  Earth  must  have  passed  through 
similar  early  evolutionary  episodes.  A search  should  be  made  for  remnants  of 
Earth's  ancient  crust  where  a record  may  be  retained  of  the  early  intense  im- 
pact history  and  the  first  planetwide  differentiation.  Very  large  impact 
craters  that  record  this  early  history  have  been  found  in  Canada,  the  QSSR  and 
South  Africa.  Additional  remote  sensing  and  ground  studies  may  augment  our 
understanding  of  the  early  history  of  the  Earth. 
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INDUSTRIAL  USE  OF  GEOLOGICAL  REMOTE  SENSING  FROM  SPACE 


Frederick  B.  Henderson,  III,  Ph.D. 

The  Geosat  Committee,  Inc. 

San  Francisco,  California 


1 . INTRODUCTION 

When  asked  to  present  a paper  outlining  the  industrial  ust!  of  geological 
remote  sensing  from  space,  I thought  I would  present  a systematic  elucidation 
of  what  the  geological  Industries  are  doing  with  space  imagery.  Such  a dis- 
cussion would  include  who  is  doing  what  with  what  type  of  equipment  and  what 
kind  of  techniques.  In  fact.  The  Geosat  Committee,  which  I represent,  was 
formed  in  August  of  1976  to  determine  what  the  geological  industries  need  in 
space  Imagery  in  order  to  relate  such  needs  to  NASA.  In  order  to  determine 
what  is  needed,  The  Geosat  Committee  is  currently  conducting  a detbiled  current 
and  future  use  poll  of  its  approximate  100  corporate  members  and  this  data  will 
be  available  by  June  1977. 

But,  in  preparing  the  required  summary  for  this  paper,  which  you  may  have 
seen,  I found  that  in  order  to  explain  the  geological  Industries'  use  of  space 
remote  sensing,  I had  to  first  clarify  a number  of  public  misunderstandings 
regarding  the  geological  Industries  themselves.  In  fact,  in  reflecting  on 
what  we  presently  do  know  about  the  level  of  use  of  space  imagery  as  represent- 
ed by  our  100  member  corporations,  I perhaps  should  change  the  title  of  this 
paper  to  the  Industrial  Under-Utilization  of  Geologic  Remote  Sensing  from 
Space . 

I am  hopeful  that  this  presentation  today  will  be  successful  in  its 
attempt  to  clear  up  some  of  these  public  misconceptions  regarding  the  geolog- 
ical industries.  In  so  doing,  I also  hope  to  explain  the  present  level  of 
space  imagery  use  by  the  geological  industries  and  to  predict  how  this  use  will 
change  in  the  near  future. 


II.  GEOLOGIC  MAPS 


Industrial  use  of  geological  remote  sensing  from  space  involves  all  in- 
dustries who  require  basic  non-renewable  resources  and  support  exploration  for 
these  resources  such  as  oil,  gas,  geothermal  and  minerals.  Also  included  are 
the  raining,  petroleum,  and  civil  engineering  and  environmental  industries  who 
are  also  significant  users  of  geological  information.  A common  theme  connect- 
ing all  of  these  industries  is  their  Indispensible  reliance  on  the  availability 
of  sound  and  accurate  geological  maps. 

Geological  maps  are  used  to  present  a four-dimensional  interpretation  of 
the  geology  of  the  earth's  upper  crust  as  exposed  at  the  essentially  two- 
dimensional  earth's  surface,,  which  is  usually  all  that  can  be  directly  sensed 
or  observed  at  ground  surface  or  above. 


The  four  dimensions  of  a geological  map  include  the  obvious  two  dimensions 
of  length  and  width  of  a given  geological  unit,  i.e.,  rock  formation,  as 
depicted  on  a map.  The  third  dimension  is  that  of  geologic  structures,  such 
as  anticlines,  synclines,  and  faults  which  give  the  dimension  of  depth.  It  is 
reasonable  to  state  that  only  those  who  can  think  in  three  dimensions  can 
succeed  as  geologists.  But,  implicit  in  constructing  three-dimensional  geo- 
logic maps  is  the  essential  fourth  dimension  of  geologic  time.  V/lthout  an 
understanding  of  geologic  time,  one  cannot  correctly  relate  one  geologic  rock 
unit  to  another  and  then  one  cannot  accurately  determine  the  structural  geo- 
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have  a very  specific  perspective  of  time  and  mankind. 

But.  how  do  such  four  di".ensional  non- 

relate  to  the  problem  £0;^'  such  resource  development  as  well 

a^f of  geoloSicir^zards  and  other  environment^ 

such  tof-Jf^^f^^^i^^^'^^ccurffmarily  beneath  the  earth's  surface.  That  is, 
?hl?fs«fafe  exfsJeAcrrsfL^  interpreted  prior  to  discovery. 

In  other  words;  oil,  gas,  and  '"tneral  deposits  are  discow 
minds.  With  a few  exceptions  and  cases  of  pure  1^^^ , structural 

di-scover  deposits  by  taking  all  possi  r,+  rjntinl  pxnloration  targets  may 

„a  hlstotlo^l  a.ta  .„d  i«t~Prot,oe  to  otlcK 

exist.  Then,  after  careiul  ^"^^ysis,  the  decisio  the  leasing 

one's  professional  neck  out  ® ^ ^t  is  only  with  the  drill  or 

and  drilling  of  a prospect.  Tor  i«nrns  the  truth  of  his  thinking.  A 

similar  other  physical  sample  that  one  learns  the  trutn  01 

discovery  or  a bust. 

, «vnmniP  of  the  use  of  such  four-dimensional  map  data  and 

An  excellent  ex^  p.  rienosit  is  the  discovery  of  the  Kalamazoo 

the  mental  discovery  of  an  ore  , David  Lowell^and  Quintana  Petroleum 

porphyry  copper  deposit  in  Arizona  by  Dr.  David  uoweii  aim 

Co. 

The  K.l«.aeoo  o„  hod,  le  the  SS  Euel 

ously-ltnowh  See  Manuel  porphyuy  copper  P ‘ ueologists  had  long  inter- 

S5?S*«S  Tni  iZ  7an«f?-irnad  SLS,*;/-r“;h“^ueS- 

?rer„fera.°ar“LS;?l!“2L“L“e,hKSnS^^^^ 

irSai^sssr^o  ?2J‘poUed  Si  i™ 

the  opposite  direction  and  that  the  missing  1 ^ drilled, 

should  be  under  the  ad.jacent  missing  piece  which  is  now 

and  was  eminently  successful  by  discovering  the  missing  p 
known  as  the  Kalamazoo  prophyry  copper  deposit. 

The  point  01  this  fSf„“  ^rbyilJeJt^L^-oirL'aeLing 

available,  the  discovery  of  this  itu  e crpnius  of  a geologist  who,  having 

the  subsurface  existence  of  a deposit. 

Many  geological  engineering  an^  lof  tf  n”f Llear 

engineering  ^nd  ‘ievelopment  dam  site  civil  e^g^^^  g mining,  etc., 

'iS^Si?rl“SSlor?oL-drS;»S‘S;5oMlcal  nndcrata.dlnM  ol  th.  hartlfs 
upper  crust  and  surface-. 

systems  from  space,  it  is  important  ---ni  o-oniniric  mans  However,  it  must 

hLp  to  produce  the  required  four  as  a part  of  inte- 

be  understood  that  these  systems  are 

grated  exploration  and  engineering  P^°erams  which^ultimateiy^ 
fes  and  solutions, 

s^iiofSi  rropS;rSs?s  r . ace 

SSoratSn  K-gSltrS1oi!;er,L;f  S iolutlcne  t„  preeeln. 

engineering  and  environmental  geological  problems. 
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SPACE  TECHNOLOGY  AND  GEOLOGY 


Any  tool  or  technological  capability  which  will  assist  in  making  better 
geological  maps  more  efficiently  and  more  economically,  will,  in  time,  be 
strongly  supported  and  used  extensively  in  conjunction  with  other  tools  and 
techniques  by  the  geological  Industries.  Because  geological  row)te  sensing 
from  space  is  used  to  make  geological  maps  for  exploration  int(.>rprc?Lat ion , no 
direct  statement  can  be  made  as  to  how  many  oil  wells  or  copper  deposits  will 
be  found  by  such  systems.  Although,  estimates  concerning  the  dollar  value  of 
the  improvement  in  exploration  efficiency  can  be  made,  no  realistic  cost/bene- 
fit, bottom-line  statement  can  be  made  as  to  the  true  potential  benefit  in 
terms  of  new  oil,  gas,  and  mineral  studies.  However,  if  only  one  porphyry 
copper  deposit  or  one  100  million  barrel  oil  field  is  found,  the  cost  of  these 
space  systems  would  be  more  than  paid  for.  And  In  either  case,  neithei’  dis- 
covery would  solve  our  national  energy  or  mineral  crises.  It  is  time  to  real- 
ize that  the  United  States  is  in  a hock  of  a predicament,  resource-wise. 

Unfortunately,  to  compound  this  situation,  our  geological  industries 
have  been  historically  slow  in  picking  up  new  technologies.  This  is,  among 
other  reasons,  principally  because  exploration  programs  are  planned  years  in 
advance.  There,  the  sudden  advent  of  a new  technology  leads  to  its  utilization 
a few  years  down  the  road. 

An  excellent  example  of  such  technological  slowness  is  that  of  Dr.  Arthur 
Brant,  Chairman  of  the  Board,  The  Geosat  Committee,  Inc.  Among  many  techno- 
logical achievements  credited  to  Dr.  Brant,  is  IP,  or  induced  polarization,  a 
principal  geophysical  tool  used  around  the  world  today.  It  took  about  20  years 
for  this  very  important  exploration  tool  to  be  recognized  and  generally  accept- 
ed. 


Unfortunately,  regarding  NASA  and  space  remote  sensing,  NASA's  incredible 
technologies,  such  as  the  Shuttle  program,  are  here  and  our  geological  indus- 
tries are  not  quite  ready  for  them.  NASA's  present  remote  sensing  technology 
as  exemplified  by  EBTS-1  and  Landsat  2 have  been  developed  far  more  rapidly 
than  they  could  have  been  reasonably  absorbed  with  proven  results  by  the  geo- 
logical industries.  This  is  because  of  the  aforementioned  Ingrown  infra- 
structure of  exploration  and  engineering  programs  and  techniques  and  the 
Inherent  indirectness  and  long-term  payout  effectiveness  of  the  application  of 
space  remote  sensing  to  geological  needs. 

Within  the  industries,  it  is  generally  recognized  that  it  takes  five  to 
ten  years  from  initial  exploration  to  operational  development  to  bring  in  new 
mines  or  oil  or  gas  fields.  Given  the  minimum  of  three  years  to  develop  a new 
space  system,  any  new  sensor  needed  by  the  geological  industries  will  poten- 
tially create  new  resource  reserve  additions  eight  to  thirteen  years  after 
acceptance  and  approval . 

The  above  numbers  are  critical.  It  is  generally  believed  within  the 
industries  that  the  United  States  has  remaining  (exclusive  of  Imports)  approx- 
imately a ten  to  fifteen  year  reserve  of  oil  and  gas,  and  a fifteen  to  twenty 
year  reserve  of  major  mineral  resources. 

IV.  THE  CHANGING  SCENE 

The  situation  regarding  the  geological  industries  acceptance  and  utiliz- 
ation of  geological  remote  sensing  from  space  is  rapidly  changing.  The 
tremendous : potentialities  of  these  teohnologies  are  Iseginning  to  be  recognized. 
However,  a"go  it  slow"  feeling  still  prevades  portions  of  the  geological 
industry  because  of  the  broad  geological  oversell  in  the  past  of  the  present 
agriculturally  dedicated  Landsat  systems.  There  is  currently  a need  to  fully 
test  the  present  and  planned  Landsat  systems,  as  well  as,  new  proposed  sensing 
capabilities  optimized  more  for  geological  needs.  In  general,  the  geological 
industries  are  rapidly  applying  what  is  available  and  learning  what  can  and 
cannot  be  done  with  present  systems  and  what  capabllitie.s  .should  be  added  to 
the  presently  planned  systems  to  maximum  effectiveness.  The  Geosat  Committee 
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currently  is  embarking  on  a Joint  Test  Case  Study  with  NASA  to  further  evaluate 
the  geological  effectiveness  of  the  Landsat  systems  and  to  test  the  Geosat 
recommended  supplemental  space  sensing  capabilities.  Such  supplemental  systems 
will  be  designed  to  optimally  accomplish  what  can  be  done  more  effectively  and 
economically  by  geological  remote  sensing  from  space. 

V.  NATIONAL  NEEDS 

Nationally,  we  are  beginning  to  realiiie  the  seri oi.sne.s.s  of  our  country'.s 
growing  shortages  of  non-renewable  natural  resources  .such  as  strategic  minerals 
and  energy  sources  like  oil,  gas,  uranium,  and  coal.  Social  legi.slation , in 
particular  with  respect  to  environmental  concerns,  has  materially  increa.sed 
resource  development  costs  which  in  turn  has  domestically  increased  the  eco- 
nomic "cut-off-grade"  requirements  (i.e.,  minimum  economic  risk  percentage  of 
metal  intent  or  minimum  economic  oil  or  gas  deposit  sitse)  which  thus  has  sig- 
nificantly reduced  the  probabilities  of  discoveries. 

Because  of  these  growing  crises  of  the  continual  declining  discovery  rates 
for  oil,  gas,  and  strategic  mineral  deposits  of  the  United  St  tes  of  America, 
the  recommendations  of  The  Geosat  Workshop,  held  in  Flagstaff,  Arizona  in 
May  1976,  are  being  offered  as  supplemental  space  systems  which  potentially 
can  Increase  the  effectiveness  of  geological  remote  sensing  f I’om  .space  ior 
exploration  and  engineering.  These  capabilities  include  worldwide  stereoscopic 
coverage  in  digital  and  film  color  and  color  IR  format,  radar,  thermal  IR, 
additional  spectral  bands,  and  in  all  cases  high  resolution  to  10  meters,  if 
possible . 

In  the  final  analysis,  we  firmly  believe  that  the  nation,  as  well  as  its 
exploration,  engineering,  and  environmental  geological  industries  should  find 
increasingly  invaluable  and  accordingly  firmly  embrace  future  applications  of 
the  present  planned  systera.s,  a.s  well  as,  geologically  dedicated  supplemental 
systems  for  geologic  remote  sensing  of  the  earth  from  space.  We  believe  this 
will  assist  in,  at  least,  a partial  solution  to  our  declining  domestic  energy 
and  mineral  resource  reserves.  The  Geosat  Committee  believes  this  to  be 
urgent . 

VI.  ABSTRACT 

Although  the  oil,  gas,  and  mineral  exploration  in  industry  and  environ- 
mental industries  are  the  nation's  largest  single  user  group  of  satellite 
imagery,  it  still  can  be  said  that  they  are  presently  under-utilizing  geologic- 
al remote  sensing  from  .space.  The  geological  industries  rely  on  indispensable 
four-dimensional  geological  maps  which  are  used  by  the  geolog 'st  to  interpret 
the  subsurface  existence  of  resource  deposits  before  they  are  discovered- 

In  general,  space  sensors  will  not  directly  sense  oil,  gas,  and  mineral 
d.tposits  or  engineering  and  environmental  geological  problems.  Thus,  no  bot- 
tom-liu.,  ■ ost  benefits  statement  can  be  made  as  to  how  much  oil,  gas,  and  min- 
erals wl.fl  be  found  by  space  systems.  But,  present  and  planned  NASA  systems, 
as  well  .as  geologically  dedicated  supplemental  systems  can  materially  improve 
the  pt’oeess  of  making  the  requisite  geological  maps  more  efficiently  and  co- 
nomlcally. 

The  geological  industries  have  been  historically  slow  to  adapt  to  tech- 
nologies, but  they  are  rapidly  beginning  to  use  geological  remote  sensing  from 
space.  The  addition  of  geologically  dedicated  supplemental  systems  to  the 
planned  NASA  systems  will  encourage  extensive  utilization  of  geological  remote, 
sensing  from  space.  As  proof,  The  Geosat  Committee,  organized  in  1976,  is 
presently  sponsored  by  100  oil,  gas,  and  minerals  and  engineering  geology 
corporations  to  speak  for  the  geological  Industries.  Though  recognizing  that 
the  long  lead  time  from  new  sensor  availability  to  new  line  or  oil  field  de- 
velopment is  a minimum  of  ten  years,  this  Committee  strongly  endorses  the 
Geosat  Workshop  recommendation  lor  geologically  dedicated  supplemental  space 
capabilities  of  world-wide  film  and  digital  stereoscopic  coverage,  I’adar. 
thermal  IR,  and  additional  spectral  bands,  all  with  up  to  ten,  r.  ter  resolution 
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where  feasible.  The  Geosat  Committee  believes;  in  light  of  the  critical  status 
of  the  remaining  ten  to  fifteen  years  of  Oil  and  gas  reserves,  and  fifteen  to 
twenty  years  of  strategic  mineral  reserves  left  In  the  United  States;  that  the 
rapid  addition  of  these  supplemental  geological  space  systems  is  urgent  for 
our  national  needs 
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METEOROLOGICAL  SENSORS 


AND 

RELATED  TECHNOLOGY  FOR  THE  EIGHTIES 
E.  L.  Heacock 

National  Environmental  Satellite  Service 
Washington,  D.C.  20233 

ABSTRACT 

This  paper  presents  a brief  overview  of  the 
sensors  currently  projected  for  the  new  generation 
of  meteorological  satellites  which  will  be  in 
operation  during  the  First  Global  Atmospheric 
Research  Program  [GARP]  Global  Experiment  (FGGE) . 
The  closely  related  subject  of  on-board  data  proc- 
essing is  treated  briefly  as  well  as  efforts  by  the 
countries/agencies  responsible  for  these  satellites 
to  make  useful  products  available  to  developing 
countries  at  low  cost. 
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1 . INTRODUCTION 

When  space  techniques  began  to  be  used  for  environmental  sensing  in  the 
early  1960's,  the  only  technology  available  was  essentially  based  on  develop- 
ments which  had  been  made  for  terrestrial  applications.  Hence  the  first  meteor- 
ological satellites  used  television  cameras  to  take  "snapshots"  of  the  earth's 
surface  and  atmosphere.  During  the  sixties  and  early  seventies,  great  strides 
were  made  in  advancing  the  state-of-the-art,  particularly  in  the  sensor-related 
disciplines.  This  was  largely  because  public  interest  in  exploring  this  new 
frontier  was  at  a level  which  permitted  large  amounts  of  money  to  be  spent  on 
research.  Today,  that  public  interest  has  waned  to  such  an  extent  that  NASA 
here  in  the  United  States,  the  European  Space  Agency  (ESA)  in  Europe,  and  their 
counterparts  in  other  parts  of  the  world  are  struggling  to  maintain  a viable 
posture  in  the  face  of  severe  competition  for  available  money.  The  result  is 
that  the  National  Environmental  Satellite  Service,  in  preparing  for  the  decade 
of  the  eighties  is  basing  its  plans,  not  only  on  "level  funding",  but  on  essen- 
tially "level  technology".  One  should  not  conclude  that  we  are  going  to  stop 
improving  the  quality  or  quantity  of  the  service  we  provide  to  our  "customers." 
Whenever  a new  need  is  identified  which  can  be  adequately  supported  in  terms  of 
its  benefit  to  mankind  or  more  cost-effective  operations,  we  will  take  steps  to 
fill  that  need.  We  can  look  at  this  as  a shift  in  emphasis  from  invention  to 
ingenuity.  We  must  try  to  close  the  gap  between  what  our  users  want  and  what 
we  are  providing  now  not  by  expecting  great  breakthroughs  but  by  clever  appli- 
cations of  existing  technology.  Improvements  may  be  accomplished  by  changes  in 
the  orbiting  equipment  or  the  ground  processing.  This  paper  will  deal  with  the 
former,  while  John  Leese's  paper  on  Operational  Data  Processing  addresses  the 
latter. 

2.  HISTORICAL  NOTES 

It  is  appropriate  to  recall  briefly  just  how  far  satellite  meteorology  has 
come.  The  first  Meteorological  Satellite,  TIROS-1,  was  launched  in  1960.  Fig- 
ure 1 shows  a picture  returned  from  one  of  its  first  orbits.  The  dark  body  of 
water  is  the  Red  Sea.  In  1960,  this  and  similar  pictures,  taken  by  television 
cameras  on  board  the  satellite  caused  great  excitement  and  a new  breed  of  mete- 
orologist— the  satellite  meteorologist — began  to  come  into  existence.  OVer^  the 
ensuing  years,  many  improvements  and  addit 
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:ions  have  been  made.  Resolution  nas 
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SreLth’s  disk  routinely  every  half-hour,  figure  2 shows  an 

the  Geostationary  aS  Soduief  eve^^  half-L^r  by  each 

portion  of  the  ^P^^^rum.  Images  Ixke  thes^  derated  by  nLs.  Another  addi- 

?Ln":af  ?hf  Introduciiorof  rea?-t^^^^  of  images  from  the  polar- 

txon  was  the  intr  .-oi  =4--i  vpI  v inexpensive  ground  stations  around  the  world. 
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lites  during  the  First  GARP  Global  Experiment. 

3.  THE  NEXT  GENERATION 

Tn  an  attempt  to  make  the  first  comprehensive,  world-wide  observation  of 
the  eLth's  weatLr,  the  World  Meteorological  Organization  {mo)  ^nd  ge  Inter- 
national Council  of  Scientific  Unions  (ICSU) , as  a part  of  thexr jointly  spon 
sored  Global  Atmospheric  Research  Program 

Global  Experiment  (PGGE) . Thxs  massxve  data  collectxon  exercxse  wji  t k p 

rSaraga?  siLaanfuia  Snis-g  a;  aiagi  ,s  • a a 

af4hggbgr.n"igaaaa^/*aagayartKaSpfoi"aiag.pgys.ckbb 

lit  a aafgaSais in  Stall,  bnt  =».  m th.  nall.nt  featirnn  dasarv. 
mention. 

One  characteristic  of  all  satellite  observing  systems  is  their  use  of  the 

electromagnetic  spectrum  to  perform  the  task  of  and^future 

Piets  the  parts  of  the  spectrum  used  by  sensors  on  past,  present,  ana  rurure 
sateLSL!  Note  that  while  TIROS  used  only  the  visible  portxon  of  the  spec- 

tL  " second-generation"  ITOS  and  GOES  A,  B,  and  C employ  v.he  xnfra-red  for 
imaging  and,  in  thi  case  of  ITOS,  for  sounding  of 

to  thoL  on  ITOS  are  carried  on  the  METEOR  polar-orbxtxng  satellites  of  the 
USSR. 

Tn  figure  4 the  next  generation  of  meteorological  satellites  xs  represented 
by  the  European  METEOSAT,  the  Japanese  GMS,  and  the  United 

rnpg  n F and  F* . Significant  points  of  xnterest  are  the  addxtxon  of  a mxcro 
wave  s(3under  on  TIROS-N  and  an  infrared  sounding  capabilxty  on  GOES,  ajng  wxth 
■t-hP  METEOSAT  capability  for  imaging  in  the  6.3  micrometer  water  vapor  band. 
Soulf  bf  notel  that  Se  additional  capability  on  METEOSAT  and  GOES  xs  consxd- 
Sed  LSriSntal  in  nature.  A decision  to  use  the  new  data  operatxonally  wxll 
be  made  only  after  evaluation  of  early  in  orbxt  results. 

Er°;f?b.“g??fS“Ltidn.l  ..forologlcl  .atdlllt,  .rj  today 

provided  bv  the  USA  and  USSR,  by  the  end  of  1977  two  new  satellxte  operator 
wi?rSgin  servieftrusers.  Ttese  are  Japan  and  the  European  Space  Agency 
which  will  launch  geostationary  meteorological  satellxtes  destxned  to  support 
FGGE.  Each  satellite  carries  a spin-scan  radiometer  for  xmagxng  in  the  vxsxble 


*Note  that  GOES  D,  E,  and  F will  not  be  launched  for  FGGE. 
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and  infra-red,  and  a transponder  for  dissemination  cpf 

cessina  facility  to  users  within  view  of  the  satellite.  In  1978,  before  the 
start  of  the  FGGE,  the  USSR  has  announced  it  will  launch  a geostationary  meteor 
ological  satellite.  Each  of  these  three  satellites  has  certain  new  ^nd  unique 
features  which  will  be  evaluated  during  their  early  operation.  The  USSR_ space  ^ 
craft  will  be  the  first  three-axis  stabilized  geostationary  Metsat  and  will  car 
ry  two  redundant  radiometers.  The  GMS  will  have  fully  redundant  visible  an 
infrared  detectors  and  image  processing  electronics.  METEOSAT,  in _ addition  to 
its  6.3  micrometer  imaging  capability,  will  perform  a data  processing  function 
on-board. 

The  use  of  radiometers  for  imaging  from  spinning  geostationary  satellites, 
such  as  GOES,  produces  the  undesired  effect  of  generating  a huge  burst 
during  the  5%  of  the  time  that  the  radiometer _ field-of -view  sweeps  across  the 
surface  This  "burst"  not  only  complicates  the  ground  processing,  it 
ma£  Lcessa"  thfcommitment  of  a correspondingly  large  block  of  the  coi^uni- 
cations  rf  spectrum  to  the  burst  transmission  ”tich  is  only  used  for  30  milli 
seconds  out  of  each  600  milliseconds.  METEOSAT  will  store  the  burst_  of  data 
on  board  the  spacecraft  and  transmit  it  to  the  ground  during  the  remaining  57 
milliseconds,  thus  using  significantly  less  rf  spectrum  and  making  possible  le 
complex  ground  equipment.  Users  willing  to  accept  unprocessed,  non  gridded 
images  can  even  receive  the  raw  radiometer  data  directly  with  relatively  inex- 
pensive ground  equipment  during  certain  satellite  operating  modes. 

In  addition  to  those  countries/agencies  mentioned  above,  others  are  laying 
plans  to  experiment  with  satellite  observations  outside  the  FGGE  time  scale,  but 
within  the  Load  concept  of  GARP.  India,  for  example,  has  requested  proposals 
for  a satellite  (INSAT)  which  would  carry  a radiometer  as  part  of  a multi- 
disciplinary  payload  also  including  telecommunications  equipment.  Although  tne 
operational  future  of  the  world-wide  satellite  sub-system  is  still  uncertain,^ 
clearly  the  technological  basis  for  such  a global  system  will  be  firmly  esta 
lished  in  the  1980' s. 

3.2  THE  UNITED  STATES  SATELLITES  , ^ = 

The  United  States'  contribution  to  FGGE  will  be  its  normal  operational 
ellite  system  consisting  of  both  geostationary  and  polar  components.^  The  next 
updating^of  the  polar  system  has  been  timed  to  coincide  with  the  beginning  of 
FGGE.  This  updating  will  consist  of  the  replacement  of  the  current  ITOS  series 
by  the  TIROS-N  series.  The  significant  changes  to  be  made  for  TpOS-N  are  (1) 
iLrease  in  atmospheric  sounding  capability,  (2)  increase  of  number  of  spectral 
intervals  for  multispectral  imaging,  (3)  on-board  processing  to  remove  ^m^ge 
distortion  in  the  APT  image,  (4)  a data  collection  and  location  system,  and  (5) 
increase  in  number  of  fully  operational  satellites  from  one  to  two. 

3 2.1  SOUNDING.  The  increase  in  atmospheric  sounding  capability  will  be 
accomplished  by  the  TIROS-N  Operational  Vertical  Sounder  (TOVS),  which  will  have 
a totL  of  27  spectral  channels.  Table  I summarizes  the  characteristics  of  the 
three  main  constituents  of  TOVS.  The  instrument  represents  significant 
creases  from  the  current  satellite  system  and  provides  for  temperature,  humidity 
and  ozone  measurements  in  the  troposphere  plus  a microwave  sub-system  for  ob- 
taining data  in  the  presence  of  clouds  and  stratospheric _ sounding  using  an  in- 
strument provided  by  the  United  Kingdom  under  a cooperative  agreement. 
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TABLE  I.  TIROS-N  OPERATIONAL  VERTICAL  SOUNDER 
CHARACTERISTICS  SUMMARY 


Subsystem 

Char  acter  i s 


Resolution  at  Nadir  (km) 


Field  of  view 


Spectral  Regions  used 


Stratospheric 

Subsystem* 

Tropospheric 

Subsystem 

147 

20 

10° 

H 

O 

15  pm 

15  pm  CO2 
11  pm  window 

9.7  pm  Ozone 

6.3  pm  H2O 

4.3  pm  CO2 

3.7  pm  window 
Visible 

3 

20 

0.125  - 0.625 

0.001  - 0.750 

Microwave 

Subsystem 


Number  of  spectral  channels 


Range  of  Noise  0.125  - 0.625  0.001  - 0.750  (NEAT)  0.3°K 

equivalent  radiance 
(mW/m^  sr.  cm“^) 


*provided  by  the  United  Kingdom 

3.2,2  MULTISPECTRAL  IMAGING.  Although  the  present  polar  series  carries  a 
Very  High  Resolution  Radiometer  (VHRR)  for  imaging,  the  TIROS-N  imager  will  in- 
corporate new  spectral  channels.  Table  II  gives  the  characteristics  of  the  Ad- 
vanced VHRR. 


TABLE  II.  AVHRR  CHARACTERISTICS 


Channel 

1 


Resolution  (nadir) 
1 km 


Wavelength  (pm) 
0.55  - 0.9 

0.725  - 1.0+ 

10.5  - 11.5 

3.55  - 3.93 

11.5  - 12.5 


♦Channel  5 will  not  be  included  on  early  flights,  but  will  be 
added  later  to  further  enhance  Sea  Surface  Temperature  (SST) 
measurements  in  the  tropics. 


daytime  cloud 
and  surface 
mapping 

surface  water 
delineation 

SST, day /night 
mapping 
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O o nKr-ROARD  PROCESSING.  One  of  the  significant  improvements  for 
TIROS-N  will  be  the  on-board  j;^|g^°^^®™°i®ror^turnrat'^a®conItan^ 

coSs;  ssf  tL“‘i,h 

j2?iSsr»wRrdtt.  to  fr/thfSn°E.sai.5o“itL 

jjocSsi™!'  S;trSrf.»Ja?lf“=«-oI  S.  fo„thort.nln,  distortion, 

iito=;L%iS/SSfSS.SLS;S^rt;rrr4tr^ 

irafd?t?if fo^t^;  Sotfs^n^ors^o^'L^ra.^^ihls  system,  called  ARGOS, 
is  being  provided  by  France. 

325  GEOSTATIONARY  IMPROVEMENTS.  The  next  updating 

geosta^LLr^Svironmental  -^ellites  will  not^tahe^place^^ 

Nevertheless,  the  sensors  for  this  s . ^ Infra-red  Spin-Scan  Radiometer 

ment.  The  current  sensor,  called  the  Visible  and  g^iity  will  be 

fVISSR)  produces  images  such  as  those  in  figure  2.  tTiii  Hp  included 

«"r£i"SLo«oS".t«r  1.0000  otto,  fi„^ 
^rprovL^'ESSr^o^SdS^S  ;'.o:»l.  P0.n;«„.  ty  to.  l.ttor  O.lf  of 
the  1980's. 

4 . CONCLUSION 

r—tS  So-t  r“rLSV.sr.^o. 

of  the  technology  extant. 
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OPERATIONAL  DATA  PROCESSING  - 


The  First  Ten  Years  are  the  Hardest 
John  A.  Leese  and  Charles  L.  Bristor^ 

National  Environmental  Satellite  Service 
Washington,  D.C. 

ABSTRACT 

The  subject  of  data  processing  in  the  Pro- 
ceedings of  a Remote  Sensing  Symposium  should 
logically  be  directed  toward  the  output  products 
derived  from  an  input  of  remotely  sensed  data. 

There  are  a number  of  other  papers  in  these  Pro- 
ceedings (see  list  at  the  end  of  this  paper)  which 
deal  with  the  derivation  of  specific  environmental 
parameters  from  the  operational  environmental 
satellite  system.  We  have  taken  the  opportunity 
to  writa  a review  of  operational  data  processing 
with  emphasis  on  its  evolutionary  development  in 
the  National  Environmental  Satellite  Service.  We 
chose  to  provide  a general  review  as  a time  sequence 
of  events  to  establish  a perspective  for  the  current 
operations  and  where  we  see  it  headed  in  the  future. 


TPIE  EXPLORATORY  YEARS 

Interest  in  meteorological  satellites  really  began  with  cloud  pictures 
from  cameras  carried  on  war  surplus  rockets  and  by  the  mid  fifties,  the  late 
Harry  Wexler  was  looking  at  a cloud  picture  mosaic  from  an  Aerobee  rocket 
(Hubert,  1955).  Before  the  USSR's  first  Sputnik  in  October  1957,  he  was 
visualizing  a global  cloud  picture  which  would  fill  in  the  weather  details 
implied  by  the  Norwegian  Polar  Front  Theory  (Wexler,  1954) . 

With  the  launch  of  TIROS-1  seventeen  years  ago.  Dr.  S.  Fritz  had  assembled 
a small  Weather  Bureau  staff  to  explore  the  value  of  satellite  cloud  pictures 
in  support  of  weather  analysis  and  prediction.  Anticipating  an  image  Earth 
location  problem,  he  had  organized  a small  computer  support  group  which  subse- 
quently evolved  into  today's  substantial  data  processing  operation.  In  those 
first  exploratory  years  many  problems  were  addressed,  and  the  resulting  insight 
provided  a foundation  for  the  ten  years  of  operations  to  be  recounted  in  this 
overview  paper. 

As  some  will  recall,  the  early  TIROS  (Television-InfraRed  Observation 
Satellite)  spacecraft  were  spin  stabilized  with  v.idicon  cameras  looking  out  one 
end  along  the  spin  axis.  With  the  spin  axis  in  the  orbital  plane,  this  meant 
that  the  cameras  saw  the  earth  for  only  a portion  of  each  orbital  pass  (see 
early  summary  paper  by  Fritz,  1964)  . The  overlapping  image  sequences,  with 
foreshortening  varying  from  horizon  scenes  to  nadir  scenes,  greatly  complicated 
the  interpreters  task.  Familiar  landmass  features  were  often  strangely  deformed 
The  interpreter's  nephanalysis  first  required  the  careful  mosaicing  of  images 
into  scene  strips  and  then  the  tedious  transcribing  of  pertinent  cloud  features 
from  the  variably  distorted  scene  onto  a standard  weather  map  projection  as 
shown  in  Figure  1.  The  obvious  first  need  was  for  latitude-longitude  image 
locator  grids,  and  much  of  the  early  processing  effort  was  devoted  to  this  re- 
quirement. Interaction  with  users  produced  a hierarchy  of  locator  grids. 


^ C.L.  Bristor  is  retired  from  the  National  Environmental  Satellite  Service 
and  is  now  working  as  a Certified  Consulting  Meteorologist. 
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Transparent  overlays  were  produced  from  computer  driven  line  plotters , and  the 
process  was  later  speeded  up  by  using  computer  output  to  drive  a graphxc  micro- 
film recorder.  As  the  exploratory  operation  became  more  routine,  9^^“  fit 
deficiencies  beccune  more  important.  Users  became  more  skilled  in  the  melding 
process  and  applications  became  more  sensitive  to  errors  in  Earth  location.  As» 
coastlines,  rivers  and  other  physiographic  features  were  incorporated  in  the 
grids,  any  mismatch  with  satellite  imagery  was  immediately  apparent.  In  seek- 
ing improvement  in  gridding  precision,  the  computer  support  group  pursued 
several  investigative  tasks.  Diagnostic  tests  were  devised  to  check  the 
validity  of  orbital  elements  derived  from  tracking  station  data,  and  explora- 
tory efforts  were  directed  toward  attitude  determination  using  horizon  and 
picture  landmark  control  point  information. 

During  this  period  computer  support  was  largely  a reaction  to  problems 
encountered  by  analysts  and  research  personnel  who  were  spending  an  inordinate 
amount  of  time  in  the  locator  melding  process.  The  real  solution,  however, 
was  not  to  improve  the  hand  tools  but  rather  to  automate  the  melding  process 
and  eliminate  the  waste  in  analyst  resources.  This  came  with  the  experimental 
activities  in  the  TIROS  Operational  System  (TOS) . 


EXPERIMENTAL  OPERATIONS 


Despite  the  limitations  of  the  TIROS  early  exploratory  effort,  the  poten- 
tial value  of  cloud  imagery  in  weather  analysis  and  prediction  was  evident, 
and,  with  TOS,  daily  global  coverage  was  achieved.  The  basic  spacecraft  was 
retained,  but,  with  camera  and  horizon  trigger  mounted  on  the  spinning  cylin  _ 
der's  rim,  nadir  views  were  obtained  as  the  satellite  rolled  along  its  orbital 
track.  The  resulting  global  coverage  with  essentially  invariant  distortion 
patterns,  coupled  with  newly  acquired  large  scale  computing  support,  opened 
the  way  for  a greatly  expanded  data  processing  operation.  Facilities  were 
designed  and  installed  so  as  to  provide  for  quick  look  analog  image  prints  as 
well  as  for  the  computer  manipulation  of  digital  image  data. 


The  main  features  of  the  TOS  central  processing  system  are  shown  in 
Figure  2.  A hybrid  microfilm  display  device  was  used  for  the  gridding  opera 
tipn  in  which  incoming  analog  video  signals  were  combined  on  film  with  pre 
calculated  Earth  locator  grids.  An  example  of  this  process  is  shown  in 
Figure  3.  Frame  synchronization  signals  started  the  device  in  a li^s  ime 

open  shutter  exposure  of  the  film  as  the  incoming  signal  modulated  the 
recording  light  beam.  At  frame  termination,  control  was  automatically  trans 
f erred  to  the  contents  of  a computer  generated  digital  tape.  Commands  and 
data  from  this  tape  directed  the  generation  of  label  characters  and  grid  lines 
after  which  the  camera  shutter  closed,  film  advanced,  and  the  device  awaited 
the  next  frame  synchronization  start  pulse.  Throughout  the  late  sixties,  many 
thousands  of  gridded  vidicon  images  were  produced  by  this  device. 


Although  automatic  grid  melding  simplified  nephanalysis  operations , it  did 
little  to  broaden  the  information  extraction  opportunities . Gridded  vidicon 
strips  from  one  day  to  the  next  could  not  be  conveniently  juxtaposed  for  time 
trend  comparisons  or  used  in  direct  overlay  comparisons  with  other  coincident 
weather  data  on  standard  maps.  Therefore,  in  parallel  with  continued  support 
for  hcuid  interpretation  efforts,  software  was  developed  by  which  digitized 
image  data  were  transformed  into  global  mapped  mosaics.  The  line  and  sample 
coordinates  of  incoming  picture  elements  were  transformed,  using  orbit  and 
attitude  information,  into  latitude,  longitude  equivalents  and  then  into 
square  i,j  fine  mesh  coordinates  overlayed  on  either  polar  stereographic  or 
Mercator  maps  (Bristor  et  al.,  1966).  A five  year  record  of  such  mapped 
vidicon  data  was  produced  as  a routine  daily  activity.  A typical  example  is 
shown  in  Figure  4. 

The  years  of  TOS  operations  are  best  described  as  a period  of  experimenta- 
tion. Early  image  mapping  software  was  converted  fromthe  IBM  7094  to  run  on 
the  CDC  6600.  Critical  core  program  segments  were  optimally  coded  in  assemoiy 
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riROS  mosaic  of  twenty  images  with  resulting  nephanalysis  (left)  and  concurrent 
:hart.  Typhoons  Ruth  (center)  and  Sarah  (below)  are  both  shown  in  this  1962  nosaic 
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FIGURE  2.  TOS  Central  Data  Processing  Operation.  Starting  with  ESSA-3,  all  centrally 
processed  Advanced  Vidicon  Camera  System  (AVCS)  images  passed  through  this  system.  Gridded 
photo  prints  were  first  produced  followed  by  mapped  mosaics. 
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language,  and  options  were  added  to  permit  sector  mapping  at  higher  resolution. 
This  added  flexibility  provided  opportunity  for  several  applications  experi- 
ments, and  substantial  computer  resources  were  soon  committed  to  daily  produc- 
txon . Once  global  image  mapping  was  stabilized,  attempts  were  made  to 
summarize  the  4096x4096  polar  hemispheric  arrays  into  a data  base  for  other 
uses.  After  some  experimentation,  sequences  of  daily  tape  files  were  created 
in  which  brightness  distributions  for  8x8  sample  clusters  were  recorded  in 
five  response  ranges.  This  data  base  production  continued  until  the  end  of 
the  TOS  program,  and  it  provided  the  input  for  a four  year  Atlas  of  Relative 
Cloud  Cover  (Miller,  1971) . A contoured  image  from  such  summary  data  is  shown 
in  Figure  5. 

. to  assist  those  engaged  in  snow  and  ice  studies,  sequences  of 

daily  mapped  mosaics  were  combined  to  remove  transient  cloud  obscuration. 

Using  five  day  clusters,  only  the  minimum  brightness  value  was  recorded  for 
each  mapped  image  element  position.  The  resulting  composite  minimum  brightness 
imap  revealed  the  edges  of  snow  and  ice  fields  with  little  remaining  cloud 
contamination.  Such  charts  proved  of  value  in  several  investigations  (McClain 
and  Baker,  1969).  During  spring  thaw  flood  threat  situations , limited  tests 
were  conducted  to  investigate  the  feasibility  of  measuring  snow  melt  using 
sequences  of  composite  charts. 

Apart  from  applications  experimentation,  operating  system  flaws  and 
processing  problems  prompted  several  diagnostic  investigations.  Pre-launch 
calibration  images  of  polar  targets  and  others  of  controlled  light  sources 
provided  inputs  for  geometric  calibration  and  for  brightness  normalization. 
However,  post-launch  changes  were  to  be  expected,  and  monitoring  efforts 
uncovered  need  for  both  hardware  and  software  alterations.  Variation  in  frame 
synchronizing  signals  between  vidicons  required  more  sophistication  in  hard- 
ware detection  circuitry,  and  noted  variations  in  frame-to-frame  raster 
linearity  led  to  a software  investigation  in  which  line  and  sample  coordinates 
of  fixed  camera  fiducial  marks  were  found  to  meander  in  a spirai  pattern 
through  an  orbital  imaging  sequence.  In  addition  to  such  concern  for  geometric 
stability,  aging  changes  were  noted  in  the  brightness  response  of  cameras  and 
associated  circuitry.  This  prompted  production  of  a response  summary  punch 
card  for  each  image  frame.  By  appropriate  analysis  of  such  records,  response 
trends  could  be  tracked  and  compensating  corrections  made  in  normalization 
lookup  tables . 

While  efforts  were  being  made  to  develop  applications  and  stabilize  TOS 
operations,  the  launch  of  NASA's  first  geostationary  Applications  Technology 
Satellite  (ATS)  provided  new  opportunity  for  experimentation.  A spin  scan 
imaging  telescope  had  been  included  as  a result  of  the  innovative  efforts  of 
Professor  V.E.  Suomi  and  his  colleagues  at  the  University  of  Wisconsin. 

Initial  struggles  to  utilize  the  data  somewhat  paralleled  the  beginning  TIROS 
effort.  Earlier  software  was  modified  to  produce  overlay  grids  and  the  hand 
melding  process  revealed  the  need  for  more  precision  in  navigational  inputs. 
Again,  horizon  and  landmark  control  points  were  used,  and  the  several  experi- 
menting groups  soon  devised  acceptable  attitude  determination  procedures. 

With  help  from  Professor  T.J,  Fujita's  group  at  the  University  of  Chicago, 
a variety  of  experiments  went  forward  in  which  sequences  of  images  were 
examined  as  lapse  time  movie  animations.  All  were  impressed  with  the  xaossi- 
using  moving  clouds  as  indicators  of  atmospheric  motion,  and  by 
1969  the  extraction  of  cloud  motion  wind  estimates  had  become  a routine  opera- 
tion. Young  et  al. , 1972,  described  the  steps  in  this  computer  assisted 
manual  effort,  and  a view  of  some  of  the  operating  equipment  is  provided  in 
Figure  6 . r- 

Apart  from  animation,  ATS  also  provided  broadscale  coverage  as  opposed 
to  repeated  two  hour  time  slippages  obtained  with  strip  mosaics  from  TOS. 

Since  weather  analysts  are  interested  in  broad  synoptic  comparisons,  mapping 
codes  were  revised  to  produce  both  polar  stereographic  and  Mercator  ATS 
imagery.  Such  transformations  were  produced  using  ATS-1  data  and  later  also 
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data  from  ATS-3 . Production  continued  until  operations  were  moved  from  the 
CDC  6600  to  larger  facilities. 

ATS  operations  also  required  diagnostic  monitoring  efforts.  Daily 
histograms  from  digitized  images  were  analyzed  and  trend  curves  were  plotted 
to  assure  stability  in  discriminator  setting  and  proper  dxgitxzer  performance. 
Scan  line  amplitude  profile  graphic  plots  also  provided  insight  concernxng 
noise  content  and  signal  clipping.  The  degree  of  fxt  between  coastal  map 
outline  features  and  the  corresponding  image  features  provxded  the  best 
evidence  of  the  accuracy  in  the  Earth  location  processing. 

Many  lessons  were  learned  during  these  early  operations  with  TOS  and 
ATS.  Apart  from  user  pressures  for  more  and  improved  sensors  which  led  to 
ITOS  (the  Improved  TOS  series),  the  data  processing  experiences  provided 
insight  toward  an  improved  ground  processing  system.  It  also  made  evxdent 
the  need  for  more  supportive  processing  resources.  Specif xcally , the  need 
was  indicated  for  constant  monitoring  of  incoming  raw  signals  in  the  most 
quantitative  way  possible.  It  also  indicated  the  importance  of  a proper 
technical  staff  to  maintain  and  validate  the  specialized  xngest,  dxsplay  and 
other  dedicated  equipment. 

A variety  of  factors  encountered  in  this  early  experience  also  pointed 
to  the  additional  need  for  a software  support  team  to  assist  in  devising 
diagnostic  troubleshooting  routines  and  to  maintain  operational  software. 

Among  these  factors  are  items  such  as  periodic  changes  in  large  computer 
system  software  which  often  require  user  changes,  navigational  software 
requiring  occasional  replacement  of  Ephemerides  tables,  image  data  calxbratxon 
and  normalization  routines  which  may  require  lookup  table  alteratxons,  changes 
linked  to  hardware  modification,  and  software  alterations  to  xmprove  runnxng 
efficiency  or  to  modify  production  output. 

Finally,  there  is  need  for  an  organized  effort  to  check  the  timeliness 
and  validity  of  output  products.  Such  a quality  assurance  group  must  possess 
a diversity  of  talents  so  as  to  understand  both  hardware  and  software  problems 
and  so  assist  under  anomalous  circumstances  to  minimize  the _ impact  on  produc- 
tion. Further  detail  concerning  processing  and  output  applxcatxons  has  been 
provided  by  Lease  et  al. , (1970)  . 

INITIAL  QUANTITATIVE  OPERATIONS 


Data  from  scanning  radiometers  became  part  of  the  operational  system 
in  1970.  Beginning  with  ITOS-1,  launched  January  23,  1970,  satellites  of 
this  series  (ITOS-1,  NOAA-1  through  NOAA-5)  have  provided  routine  measurements 
from  a two  channel  scanning  radiometer  (0.5  to  0.7  micrometers  and  xO.5  to  12.5 
micrometers)  with  a ground  resolution  of  approximately  8 km.  at  the  satellxte 
subpoint. 

Beginning  with  NOAA-2,  launched  on  October  16,  1972,  a Vertical 
Temperature  Profile  Radiometer  (VTPR)  has  been  providing  remotely  sensed 
measurements  from  which  atmospheric  temperature  profiles  can  be  derxved.  The 
VTPR  has  six  discrete  channels  within  the  the  15-  micrometer  carbon  dxoxxde 
absorption  region,  one  in  the  11-  micrometer  atmospheric  "window"  regxon,  and 
one  in  the  18—  micrometer  water  vapor  absorption  region  of  the  infrared  absorp 
tion  spectrum. 

Data  from  the  GOES  (Geostationary  Operational  Environmental  Satellite) 
also  provided  routine  measurements  from  a two  channel  scanning  radiometer 
beginning  in  May  1974.  The  Visible  and  Infrared  Spin  Scan  Radiometer  (VISSR) 
provides  Visible  data  in  the  0.55  to  0.75  micrometer  range  at  a ground  reso- 
lution of  about  1 km.  and  IR  data  in  the  10.5  to  12.6  micrometer  range  at  a 
ground  resolution  of  about  8 km. 


Further  details  on  the  ITOS  and  GOES  satellites  and  the  sensors  used 
on  these  spacecraft  are  given  in  other  papers  by  NESS  authors  in  these  Pro- 
ceedings. A listing  of  these  papers  is  given  at  the  end  of  this  paper.  A 
description  of  the  operation  of  the  NOAA  Polar  Satellite  System  is  given  by 
Fortune  and  Hambrick  (1974) , and  ITOS  products  are  summarized  by  Hoppe  and 
Ruiz  (1974) . Bristor  (1975)  provides  a detailed  description  of  the  GOES 
satellite  together  with  specific  descriptions  of  the  central  processing  and 
analysis  of  the  data  received  from  these  satellites . 

NESS  personnel  entered  the  decade  of  the  1970's  with  confidence  and 
enthusiasm  about  the  ability  to  achieve  quantitative  information  from  the 
operational  environmental  satellite  data  to  be  available  during  this  period. 

The  two  authors  of  this  paper  were  among  the  most  confident  and  most  enthu- 
siastic at  the  beginning  of  this  period.  After  seven  years  of  struggle  with 
less  than  total  success  on  the  objectives  initially  set  we  both  maintain  a 
high  degree  of  confidence  and  enthusiasm  for  working  toward  the  goal  of 
quantitative  information. 

Three  majo.  processing  models  were  developed  and  implemented  as  part 
of  the  operational  data  processing  in  NESS  during  the  period  1970-72.  These 
models  were: 

GOSSTCOMP  (Global  Operational  Sea  Surface  Temperature 
COMPutation)  which  provides  a daily  global  surveillance 
of  the  ocean's  surface  temperature  structure. 

Picture  Pair  is  an  automated  model  for  measuring  cloud 
motion  vectors  using  pairs  of  geostationary  satellite 
images . 

- VTPR  Processing  is  a series  of  processing  routines  which 
provide  twice  daily  measurements  of  atmospheric  tempera- 
ture profiles  over  the  ocean  areas  of  the  globe. 

Each  of  these  models  and  the  results  are  described  in  some  detail  in  other 
papers  by  NESS  authors  in  these  Proceedings  and  will  not  be  repeated  in  this 
paper.  A review  of  some  of  the  major  similarities  and  differences  among  the 
three  models  will  serve  to  illustrate  the  general  principles  and  objectives 
of  the  quantitative  processing  done  at  the  National  Environmental  Satellite 
Service. 

Each  of  the  models  was  initially  designed  to  be  as  automated  as  possible. 
This  was  especially  true  for  the  early  processing  steps  because  early  flaw 
detection  with  large  data  rates  avoids  waste  in  processor  resources.  Each  of 
the  models  contained  the  basic  components  of  an  automated  operational  procedure 
This  must  include  a valid  measurement  technique,  the  ability  to  perform  quality 
control  and  noise  contamination  measurements  on  the  raw  data,  detection  of 
valid  areas  for  making  measurements,  and  the  exercise  of  quality  control  pro- 
cedures over  the  numerical  values  obtained  from  the  measurement  process. 

Hindsight  indicates  that  the  work  to  develop  operational  procedures  to 
derive  sea  surface  temperatures  and  satellite  winds  placed  too  much  emphasis 
on  the  measurement. techniques  at. the  expense  of  other  portions  of  the  model. 
Work  on  techniques  for  the  computer  measurement  of  satellite  winds  during  the 
period  1967-72  was  highly  concentrated  bn  developing  the  most  efficient  and 
reliable  technique.  By  late  1971  it  became  clear  to  the  authors  that  the 
specific  measurement  technique  was  not  as  critical  as  it  appeared  earlier. 
Further  discussion  of  this  evolutionary  development  is  given  in  Leese  et  al., 
1970b  and  leese  et  al.  , 1971a., 

The  work  to  date  on  computer  techniques  for  deriving  sea  surface  tempera- 
ture observations  has  relied  on  a combined  detection  and  measurement  unit. 

The  ability  to  eliminate  cloud  contamination  was  thought  to  be  the  most 


signxf leant  factor  in  determining  the  eventual  accuracy  of  the 
surface  temperature  values.  As  a result  of  thi^beuS  neaSv 
early  effort  during  the  period  1969-73  was  devoted  to  develojLq  the^moSt 
By^th^mLdle  of  ^ll7  3®  measuring  the  surface  clear  radiance  value. 

Considerable  effort  has  been  expended  on  detecting  valid  areas  for 

low  level  cloud^otiorve^torfovL  SLafarear"this"d^  measuring 

analyzer.  This  has  improved  our  ability  to  mfLinwiL  a simple  target 

measurements  closer  to  storm  systems  and  -t-hn=  cloud  motion 

the  set  of  vectors  derived.  significant  information  to 
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back-up  sensor.  A vary  sophisticated  cuaLiv  rnninoi' 

in  1972  to  critically  pyainr,4-rs  quality  control  program  was  implemented 

personnel.  This  diaanoat-ic  r>arev=rys  ^ control  tool  by  on-line  monitoring 

detected  to  assist  the  onerariona?  generates  messages  when  problems  are 

assist  the  operational  personnel  in  diagnosing  where  in  the  system 
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the  problem  is  occurring.  Quality  control  of  the  output  products  from  the 
GOSSTCOMP  and  VTPR  Processing  have  relied  very  heavily  on  automated  procedures. 
These  automated  procedures  have  placed  a heavy  reliance  on  "first-guess" 
information  to  establish  thresholds  of  acceptability  for  the  product.  The 
GOSSTCOMP  made  use  of  limits  for  the  deviation  from  yesterday’s  analysis  as 
thresholds  for  accepting  today's  observations.  This  placed  severe  limits 
on  the  model ' s ability  to  detect  and  measure  areas  of  sudden  cooling  or 
warming.  The  VTPR  Processing  used  forecasts  from  the  Numerical  Weather  Predic- 
tion model  to  establish  limits  and  made  decisions  about  accepting  or  rejecting 
a specific  atmospheric  temperature  profile  measurement.  Both  of  these  suffered 
the  drawback  of  providing  feedback  to  the  operational  system  which  could  cause 
the  operational  processing  to  go  unstable.  For  example,  if  yesterday's  sea 
surface  temperature  analysis  inadvertently  accepted  bad  observations  into  the 
analysis  field  in  a certain  area  of  the  ocean,  it  may  not  be  possible  to 
accept  good  observations  from  today's  processing  output  because  the  thresholds 
for  acceptance  are  so  heavily  based  on  yesterday's  values.  This  weakness  in 
the  product  quality  control  has  been  removed  from  both  the  GOSSTCOMP  and  the 
VTPR  Processing. 


Picture  Pair  processing  has  always  relied  on  manual  editing  as  the  final 
step  in  the  processing,  and  thus  the  man  makes  the  final  decision  on  accepting 
or  rejecting  a specific  satellite  wind  observation.  The  manual  editing  has 
made  a sizable  contribution  to  the  stability  and  reliability  of  the  satellite 
wind  products  during  the  five-year  history  of  the  picture  pair  processing. 


The  lack  of  suitable  ground  truth  information  has  been  a severe  hindrance 
to  the  development  of  quantitative  processing  techniques.  GOSSTCOMP  output  is 
measured  against  conventional  measurements  of  sea  surface  temperature  made  by 
ships.  The  latter  represents  a bulk  measurement  of  temperature  whereas  the 
satellite  derived  values  represent  "skin"  temperature  measurements.  VTPP 
Processing  uses  rawinsonde  measurements  to  evaluate  the  quality  of  the  satellite 
derived  atmospheric  temperature  profile.  The  rawinsonde  represents  an  in  situ 
point  measurement  as  the  sensor  is  carried  vertically  into  the  atmosphere  by  a 
rising  balloon.  The  satellite  derived  profile  represents  an  average  value  over 
a relatively  large  volume  of  the  atmosphere.  Picture  Pair  processing  uses  the 
wind  vectors  determined  from  the  rawinsonde  processing  as  a measure  of  the 
quality  of  the  satellite  winds  derived  from  cloud  motion  vectors.  Here  again, 
point  measurements  of  the  rawinsonde  are  used  to  evaluate  the  satellite  wind 
which  represents  the  average  motion  of  a cloud  volume  over  a 30-  or  60-  minute 
time  span. 


The  introduction  of  quantitative  processing  as  part  of  the  operational 
satellite  data  processing  represents  a very  exciting  and  challenging  period 
to  the  authors  of  this  paper.  The  total  expectations  which  we  held  in  1970 
for  this  new  area  are  not  yet  achieved  and  present  some  very  challenging 
technical  problems  for  future  work.  The  year  1973  represents  strong  memories 
in  our  experiences  with  operational  processing  of  satellite  data,  at  this  time 
the  three  CDC  6600  computers  in  the  NOAA  Central  Computer  Facility  were  replaced 
IBM  S360/195  systems.  The  conversion  of  the  operational  computer  programs 

jqvf  mi''  9et  completed  until  the  summe?  of 

1974.  The  total  conversxon  process  for  the  satellite  data  processing  cost 
approximately  50  man  years  of  effort.  ^ 


Operational  satellite  data  processing  has  experienced  the  same  type  of 
growing  pains  that  other  on-line  computer  applications  have  experienced.  The 
pressure  to  implement  an  operational  system  as  rapidly  as  possible  forced 

design  and  development  phases.  Many  studies  have  been  conduct- 
d on  the  problems  of  computer  software  development  and  maintenance.  These 
s u les  ave  identified  a series  of  stages  which  a computer  software  project 

dSrinfihff  1 experience  in  operational  satellite  data  processing 

during  the  early  1970  s led  us  to  conclude  that  each  project  went  through  ^ 
similar  stages  which  might  be  generalized  as  follows: 
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stage  1 Development  and  Early  Experimental  Operations.  This  stage  was 
oharacterxzed  by  a high  degree  of  optimism  and  a flurry  of  activity.  It  was 
also  marked  by  the  fact  that  all  the  designers  and  developers  were  involved 
xn  the  early  operations  to  keep  it  going.  These  same  people  were  "nursing" 
the  processing  so  that  problems  did  not  get  the  full  opportunity  to  surface. 


Stage  2 - Operations  and  True  Problem  Definition.  This  stage  began  when 
some  or  all  of  the  designers  and  developers  quit  performing  on  the  project 
and  moved  xnto  other  areas.  The  model  finally  got  a chance  to  show  how  it 
really  performed  in  its  advertised  "automated"  mode.  Quick  fixes  became  the 
modus  operandx_  wxth  new  problems  occurring  at  least  as  fast  as  old  ones  could 
be  solved.  A characteristic  of  this  stage  was  frustrating  hectic  activity  with 
exclamatxons  such  as"  "We  can't  go  on  like  this  forever!"  "The  more  we  learn 
the  less  we  know! " 


Stage  3 - Problem  Solving.  In  this  stage  the  more  senior  people  on  the 
project  began  to  examine  the  overall  problem  in  a systematic  manner.  Gaining 
sweepxng  xmprovements  by  a single  change  in  the  processing  was  no  longer 
touted  as  a viable  approach.  Paper  designs  were  taken  through  a "scenario  of 
operations " before  the  first  line  of  computer  code  was  written.  The  current 
operatxonal  model  ran  in  a reasonably  stable  manner  with  the  output  well 
below  xnxtial  expectations.  In  this  final  stage,  people  on  the  project  began 
to  turn  optxmxstxc  agaxn  when  they  recognized  it  was  possible  to  meet  the 
objectxves  orxgxnally  set  out  for  the  project;  it  was  just  that  it  was  probably 
projected*^^^  least  10  txmes  longer  to  achieve  them  all  than  was  originally 


1975-79  DATA  PROCESSING  MATURES 

o-u  used  to  develop  and  implement  computer  software  up  through 

the  mxd-1970  s resulted  in  a very  heavy  workload  for  software  maintenance 
durxng  the  operatxonal  phase.  By  the  end  of  1975  the  National  Environmental 
Satellxte  Servxce  had  about  70%  of  its  data  processing  expertise  devoted  to 
maintenance  activities  in  the  operational  data  processing.  The  need  to  use 
such  highly  talented  resources  in  operational  maintenance  combined  with  the 
level  funding  for  environmental  satellite  programs  in  the  NOAA  brought  the 
problem  to  the  forefront  xn  1976.  Data  Processing  studies  were  conducted  in 
the  operatxonal  data  processing  facility  to  determine  how  the  NESS  shouJd 
operate  xn  a computer  technology  environment  where  the  computer  hardware  costs 
were  continuing  to  decrease  while  the  computer  software  costs  were  continuing 
o increase.  Three  concepts  for  changes  in  our  data  processing  environment 
have  evolved  from  this  review: 


(1)  Life-Cycle  Management  for  ADP  Systems. 

(2)  Data  Base  Management  Concepts  for  handling  remotely 
sensed  data  and  products. 

(3)  Centralized  Automated  Library  Management  System  (CALMS) 
for  operational  software. 


The  concept  of  Life-Cycle  Management  for  ADP  Systems  forces  us  to  consider 
inception  of  an  idea  through  the  termination  of  an  operation 
We  have  identified  six  stages  in  the  life-cycle  for  operational  data  prLessing: 


Mission  and  User  Requirements 

Analysis 

Design 

Implementation 

Maintenance 

Termination 


process  will  raise  the  priority  and  increase  management's 
attention  to  the  operations  and  maintenance  costs  at  the  beginning  of  a project 
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opportunxty  to  xmplement  data  standards  and  checkpoints  at 

SrSm^SeSdSd  production  flow.  This  reduces  the  amount 

1 J X ^ dxagnose  problems  in  the  system  when  they  occur 

wxth  a resultant  reduction  in  maintenance  costs.  ^ occur 

® Centralized  Automated  Library  Management  System  (CALMS) 
reduces  the  nximber  of  persons  involved  in  keeping  track  of  the  operational 

thr;pe^atiiSSl'’dSrf implement  sofE^aSS  SSSSSrL 

=f'xhi™SLSj„si.jrs°sL„TS:«”“°”  “■>  -i"*™"- 

g,™SLErSLSL2“ 

ss ; s;if  F “ 

5o!S'::LSiS\ss”(TiSi-sr’’‘  « thi  tSra°is:^.tio„ 

^ satellite  data  processing  has  made  some  significant  advann=Q 

during  the  past  two  years.  The  NESS  began  its  own  operSnffS  SSal 
determination  and  prediction  in  earlv  19  7R  =ii  °^oxtal 

..MlUte  Posltlo„‘^d.«r.lStS/Sp|ort  hi.  S„  S pSI 

Tracking  and  Data  acquisition  Network  (STaDAN) , orbit  dstermination  is  oerfnrm 
ed  from  a combination  of  the  landmark  data  obtained  from  th^GOES 

SL'sSJi*””*""  •“  Srt  o"f  Sa‘;v*KLl 

aohiavsf  s jsrSe"pS'‘So‘;,s:.  *“srsL°Jf 

obtained  in  part  from  GOES  VISSR  images  reduced  the  error  in  the'^P4^h^°^"'^a^°”  a 
grids  to  an  average  of  less  than  40  ror,x?„„  F-  predicted 

year  have  now  redded  thrL^Se  Eo  Tess  ?SEn  2 during  the  past 
less  than  10  km.  by  the  end  of  lay  1977?  ^il  rieslni  a?L  F 

satlliSe'^manSei!^’"^''^  acceptable  navigational  parameters  following®a 

vids/s;ti''s°ss"jS7rripreK„‘js  f :5SLfcLrsii:tSn°f  L^^s^rLt. 
Sirii  S'tSf LJSiSs'”''"””'"''  SnpSL^S‘gg?Si  d.t. 

valid^Ev  Processing  is  being  used  as  a test  bed  to  demonstrate  the 

for  operation,  maintenance  and  management  of 
the  operational  data  processing  facility.  The  concent  nt  ^ 

for  ADP  Systems  is  being  evaluated  on  sLrt-term  devSopLnE  taS'Lf  Goir®'' 
data  processing.  A major  effort  is  now  in  process  to  impleLnE  a VlsL  DaL 
This  information  source  in  the  NOAA  Central  Computer  FacilLy 
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The  operational  computer  programs  have  been  inventoried  for  conversion 
and  installation  into  the  Centralized  Automated  Library  Management  System 
(CALMS) . The  exact  amount  of  retrofitting  and  software  documentation  to  be 
done  to  bring  the  old  software  to  the  current  standards  has  not  yet  been 
decided. 

For  the  interested  reader,  Johnson  et  al.,  1976  have  provided  summary 
tables  covering  the  main  features  of  all  satellites  used  operationally  by  NESS 
from  TIROS-1  to  the  present. 

TIROS-N  Ground  System  - The  TIROS-N  satellite  and  its  accompanying  ground 
data  handling  system  is  the  third  generation  operational  polar  satellite  system. 
Mr.  E.L.  Heacock  has  described  the  sensors  to  be  flown  on  TIROS-N  in  another 
paper  in  these  Proceedings. 

The  Ground  Data  Handling  System  for  TIROS-N  will  be  very  similar  in 
conceptual  design  to  that  currently  used  in  the  ITOS  system.  A major  change 
in  the  specifics  is  that  it  will  be  an  all-digital  system  as  opposed  to  the 
large  analog  portions  in  the  ITOS  system.  Another  major  change  is  the  installa- 
tion of  a mass  storage  device  between  the  ingest/preprocessing  computers  and 
the  large  computers  in  the  NOAA  Central  Computer  Facility.  The  specific  mass 
storage  is  the  AMPEX  TeraBit  Memory  (TBM)  system.  With  this  system  we  can 
achieve  two  major  goals: 

Provide  one  day's  worth  of  data  (2  * 10^°  bits) 
in  an  on-line  storage  facility  accessible  to  the 
NOAA  Central  Computer  Facility. 

Archive  all  the  digital  data  received  from  the 
TIROS-N  type  satellites. 

To  achieve  these  two  goals  we  are  installing  data  ingest  computers  with 
sufficient  capacity  to  perform  the  preprocessing  functions  of  calibration. 

Earth  location  and  data  quality  control.  The  new  techniques  in  software 
development  and  management  are  being  used  very  extensively  in  the  implementation 
of  the  ground  data  handling  system.  Using  this  technology  we  expect  to  achieve 
another  major  goal  of  operating  and  maintaining  the  data  processing  system  for 
TIROS-N  with  no  increase  in  manpower  even  though  there  are  two  operational 
spacecraft  instead  of  one  and  the  data  flow  rate  is  at  least  an  order  of  magni- 
tude larger. 


FUTURE  SATELLITE  DATA  PROCESSING  - CIRCA  1980 

The  types  of  sensor  data  to  be  used  in  operational  data  processing  can 
be  specified  in  great  detail  through  the  time  period  of  the  early  1980 's.  The 
GOES  satellite  with  a two  channel  scanning  radiometer  nearly  identical  with 
the  present  VISSR  will  provide  the  remotely  sensed  data  from  geostationary 
satellite  altitudes.  The  sensor  data  from  the  polar-orbiting  satellites  in 
1980  will  come  from  the  TIROS-N  series  of  satellites. 

The  output  products  from  the  operational  data  processing  in  the  early 
1980's  is  not  nearly  as  well  known  as  the  specifications  for  the  input  data. 
Indeed,  the  operational  application  of  remotely  sensed  data  is  in  a period  of 
rapid  change  and  our  customers  are  becoming  highly  sophisticated  in  their  uses 
of  such  data.  The  demand  for  image  data  is  shifting  from  the  photographic 
hard  copy  image  to  digital  image  data  to  enable  the  user  to  perform  his  own 
analysis  and  interpretati.on  of  such  data. 

Figure  7 shows  the  major  features  of  the  operational  processing  system 
that  we  believe  is  needed  to  obtain  quantitative  products  from  the  geostationary 
(GOES)  and  polar  (TIROS-N)  satellite  systems  through  the  early  1980 's. 
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Figure  7.  Future  Satellite  Digital  Processing  (Conceptual  Design)  Circa  1980 


^ °£  the  system.  Data  Aeguisition,  would  be  a dedicated 
of  mini-computers  for  the  preprocessing  functions  of  Earth  location 
of  the  data,  sensor  calibration,  formatting,  and  quality  control  of  the 
ingest  data.  Prom  ingest  and  preprocessing,  the  data  pass  to  a large  mass- 
s o^age  system  that  would  hold  the  data  for  transformation  into  products. 
Product  processing  will  take  place  in  large  computers,  like  the  IBM  360/195 

'5®<3icated  computers  for  specific  functions. 

The  products  are  returned  to  the  mass-storage  system  for  access  by  either 

“ operational  users.  In  this  configuration  the  mass  storage  serves 
as  both  a data  base  and  product  storage  facility. 

The  user  interface  in  the  1980 's  should  be  an  interactive  system.  The 
quality  control  of  the  final  quantitative  product  line  would  be  under  the 
management  of  meteorologists  who  could  interact  with  the  product  data  base 
via  interacting  data  display  and  data  manipulation  systems. 

,,  feature  of  this  processing  system  is  the  ability  to  handle 

scheduled/unscheduled  and  archival  production.  Rather  than  being  slaved  to 

ingest  schedules  (as  with  the  present  polar  satellite  system)  that  float 
from  day  to  day,  it  is  more  efficient  to  process  data  on  a regular  clock 
schedule,  which  is  geared  to  synoptic  cycles  and  user  needs.  Unscheduled 
users  could  access  the  data  base  for  immediate  analysis  of  significant  events 
sue  as  thunderstorm  or  hurricane  situations.  A man-machine  interactive 
system  would  serve  as  an  efficient  interface  between  the  users  and  the  product 
processing  for  both  the  scheduled  and  unscheduled  processing. 

, , Tlrchival  users  are  served  in  this  system  by  being  a part  of  it.  By 

access  to  the  mass-store  system,  both  processed  data  and  quantitative 
products  are  available  for  archive. 


While  the  exact  specifications  for  the  output  products  in  the  1980 's 
are  not  known  the  application  areas  and  the  resultant  characteristics  of  the 
satellite  data  requirements  can  be  fairly  well  defined.  For  example,  there 
are  six  general  types  of  applications  for  the  GOES  VISSR  data  in  digital  form 

1.  Precise  geometric  measurements  on  VISSR  images  for  Satellite 
Winds  and  Landmark  Navigation.  The  data  base  requirements 
for  this  application  are  short  time  period  (<  12  hr)  and  a 
sector  of  100  degrees  longitude  by  100  degrees  latitude. 

Capability  for  precise  p.icture  registration  and  Earth  loca- 
tion is  also  needed, 

2.  Quantitative  processing  of  VISSR  image  data  for  output 
such  as  Sea  Surface  Temperature  Gradients,  Precipitation 
Measurements,  Sunshine  Duration  at  the  Surface,  Fire  Danger 
Index,  Soil  Moisture,  and  Land  Surface  Temperature.  This 
type  of  application  puts  a very  stringent  requirement  on 

the  data  base  in  terms  of  sensor  calibration  and  data  quality 
standards.  The  geographic  coverage  is  also  a sector  of 
100  degrees  longitude  by  100  degrees  latitude.  The  response 
time  of  the  output  is  not  very  stringent  (>  3 hrs) . This  type 
of  application  features  the  integration  of  image  data  at  half- 
hourly  or  hourly  intervals  over  a period  of  time.  Specific 
examples  of  such  integrations  are: 

(a)  Integration  of  IR  clear  radiances  over  as  much  as  six 
hours  to  average  out  the  atmospheric  moisture  gradients 
to  obtain  accurate  sea  surface  temperature  gradients . 

(b)  Estimates  of  precipitation  rates  at  half-hourly  intervals 
integrated  to  obtain  three  or  six  hourly  rainfall  amounts 
at  a geographic  location . 

(c)  Estimates  of  cloud  cover  derived  from  half-hourly  data 
integrated  over  daylight  hours  to  yield  sunshine  duration 
at  the  surface  as  estimates  of  available  solar  insolation. 

In  this  type  of  application  there  are  tradeoffs  possible  between  the  computer 
capacity  and  the  mass  storage  capacity  to  achieve  a load  leveling  in  the 
product  processing. 

3.  Digital  (quantitative)  data  support  for  users  such  as  the 
Satellite  Field  Service  Stations  or  the  Weather  Service 
Forecast  offices.  The  data  base  requirements  for  this  type 
of  application  are: 

(a)  Fast  response  time  on  an  unscheduled  basis. 

(b)  Very  small  sectors  (on  the  order  of  100  digital  samples 
total) . 

(c)  Sectors  selected  by  users  as  needed. 

(d)  Short  storage  period  (<  6 hrs) . 

4.  Image  analysis  for  Oceanographic  and  Hydrologic  applications 
using  a digital  data  base  and  a machine  assisted  manual  proc- 
essing mode.  This  type  of  application  presents  almost  a pure 
tradeoff  between  the  amount  of  on-line  storage  capacity  and 
the  number  of  persons  needed  to  perform  the  machine  assisted 
manual  processing.  On  the  one  extreme,  if  we  have  the  capacity 
for  only  one  hour  of  on-line  digital  data  storage  then  it  will 
require  24  hrs.  per  day  manual  monitoring  and  processing  or  a 


total  of  10  people  for  two  spacecraft.  At  the  other  extreme, 
if  we  have  the  capacity  for  five  days  of  on-line  digital  data 
storage  it  may  be  possible  to  perform  the  manual  monitoring 
and  processing  for  two  spacecraft  by  one  person  working  a 
normal  work  week.  The  second  extreme  provides  a savings  of 
$250K  per  year  in  manpower  costs  over  the  first  extreme. 

This  type  of  application  needs  further  definition  to  better 
determine  the  optimum  configuration  in  terms  of  on-line 
storage  capacity  and  the  number  of  persons  needed  to  perform 
the  machine  assisted  manual  processing. 


5.  Digital  archive  of  VISSR  data  Earth  located  to  serve  secondary 
users.  This  application  requires  further  definition  in  terms  of 
the  secondary  users  we  will  attempt  to  serve. 

6.  WEFAX  (Weather  Facsimile)  broadcast  of  VISSR  image  sectors 
from  random  locations  on  the  full  disk  image  and  immediately 
after  the  VISSR  ingest  of  that  full  disk  image  is  completed. 

This  type  of  application  provides  image  data  to  an  international 
user  community  through  a broadcast  from  GOES  satellites. 

We  expect  that  our  movement  to  the  Data  Base  Management  Concepts  for 
handling  remotely  sensed  data  and  products  will  be  fully  operational  by  1980 
In  our  application  of  these  concepts  we  have  developed  a list  of  features 
that  are  essential  for  the  design  and  implementation  of  a good  data  base 
system.  These  considerations  include: 

Limited  On-Line  Space  for  "Unlimited”  Applications  - 
The  commercial  industry  can  now  supp3.y  "Terabit" 
memory  devices  as  an  on-line  storage  device.  Even 
this  huge  amount  of  storage  represents  less  than  30 
days  worth  of  data  from  our  1980  operations  of  two 
GOES  spacecraft  and  two  TIROS -N  type  spacecraft. 

Automated  with  Manual  Override  - The  data  flow  rate 
into  the  operational  on-line  data  base  is  so  large  that 
it  dictates  a highly  automated  operation.  Yet,  the 
unpredictability  of  certain  failures  makes  it  necessary 
that  quick  reaction  manual  override  be  a significant  part 
of  this  system. 

Quality  Controlled  and  Secure  - On-Line  quality  control 
with  highly  sophisticated  diagnostics  for  trouble  shoot- 
iug  is  needed  to  minimize  the  time  to  detect  problems 
and  the  time  to  repair  such  problems.  A trade-off  can 
be  made  between  system  redundancy  and  time  to  repair. 

Contain  Supporting  Information  without  altering  data 
irreversibly  - We  need  to  perform  certain  preprocessing 
functions  such  as  calibration,  and  Earth  location  before 
the  data  are  stored  on  the  data  base.  Certain  functions 
can  alter  the  data  such  that  the  originally  measured  value 
cannot  be  obtained  after  such  a function  is  performed  on 
the  data.  Mapping  the  data  from  its  original  perspective 
to  a .standard  map  projection  is  an  example  of  such  an 
irreversible  process.  We  have  chosen  not  to  limit  the 
type  of  processing  which  can  be  done  on  the  data  as  a result 
of  the  preprocessing  by  not  allowing  any  alteration  of  the 
data  values  which  is  not  a reversible  process. 


Archivable  media  — The  amount  of  data  received  from 
the  operationai  sateiiites  makes  it  highly  desirable 
that  the  storage  media  used  for  the  on-line  data  base 
be  capable  of  also  being  used  as  the  storage  media  for 
the  permanent  data  archive. 

Hierarchical  Data  Base  and  Response  Times  — Our  reguire— 
ments  for  data  access  times  range  over  many  orders  of 
magnitude.  We  have  found  the  cost/performance  ratio 
is  most  advantageous  if  data  less  than  12  hrs . old  is 
available  in  milliseconds,  12  to  24  hrs.  old  in  seconds, 
and  data  more  than  24  hrs.  old  should  be  accessible  in 
minutes . 


These  access  txmes  permit  us  to  build  a data  base  consisting  of  permanently 
mounted  disk  packs  for  millisecond  access,  mounted  tape  reels  on  the  AMPEX 
terabit  memory  for  access  in  seconds,  and  dismounted  tape  reels  stored  in  a 
nearby  vault  for  data  access  in  minutes.  Other  features  for  the  operational 
data  base  include: 


Directory  for  both  accounting  and  status. 

Recovery  procedures  for  minimizing  loss  of  data. 

Standard  access  procedures  to  reduce  software  development 
costs,  maximize  number  of  users  at  minimum  cost  per  user. 

We  believe  that  our  description  of  operational  data  processing  - CIRCA  1980  is 
realistic  and  considers  significant  factors  such  as  level  funding.  We  recog- 
nize  that  our  projections  are  very  conservative  and  do  not  take  real  advantage 
of  developing  hardware  technology  in  data  processing  such  as  microcomputers. 

It  is  our  belief  that  funding  restrictions  will  lengthen  the  amount  of  time 
between  demonstration  of  technical  feasibility  and  realization  of  this  capabil- 
on-going  operational  data  processing  facility.  We  prefer  to  include 
this  type  of  discussion  in  a speculation  on  future  operational  data  processing. 

1 '1  the  beginning  eighties,  one  may  project  current  developments  into 

likely  demands  for  still  more  sophisticated  products.  The  growing  world  food 
budget  problem  demands  improvement  in  short  term  monitoring  techniques  as  well 
yield  projections.  Expanding  energy  production  and  transforma- 
lon  operations,  explorations,  and  experiments  will  reguire  improved  and 
diversified  support.  Increased  emphasis  on  close  management  of  sea  life  and 
the  preservation  and  protection  of  estuaries  and  coastal  wetlands  will  increase 
the  need  for  precise  monitoring  and  status  determination.  The  growing  computer 
power  for  numerical  weather  prediction  at  several  world  centers  will  help  reduce 
past  problems  with  mathematical  truncation  errors  and  so  place  even  greater 
emphasis  on  the  precision  and  volume  of  remotely  sensed  atmospheric  measure- 
ments.  Outputs  from  remote  sensors  to  satisfy  these  more  sophisticated  demands 
must  be  based  not  only  on  precise  calibration  and  earth  location  of  raw  data 
but  must  employ  advanced  models  which  will  combine  multi  channel  measurements 
(coincident  in  both  space  and  time)  so  as  to  minimize  the  effects  of  variable 
contaminants  or  other  unwanted  "noise." 

these  more  precise,  quantitative  derivations  evolve,  concurrent 
facilities  improvement  efforts  will  likely  keep  pace  so  that  transmission 
capacity  and  product  handling  capability  will  properly  serve  the  user.  The 
present  Automat  .on  of  Field  Operations  and  Services  (AFOS)  effort  within  the 
National  Weather  Service  will  provide  digital  message  transmission  and  local 
computerized  manipulating  facilities  for  some  250  field  users  of 
weather  information,  and  products  from  remote  sensors  will  be  included  in  the 

project  is  described  in  a recent  NOAA  Program 
(Anon.  1976).  A somewhat  related  service  is  a]  so  under  con- 
within  NESS  whereby  a much  broader  user  base  would  have  prompt 
i operational  products  through  a hierarchy  of  digital 

transmission  and  manipulative  terminal  alternatives.  By  the  mid  eighties,  the 
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present  satellite  field  services  image  data  distribution  system  may  also  be 
transformed  into  a digital  system  and  perhaps  be  considered  a part  of  this 
hierarchy.  Current  efforts  to  expand  WEFAX  broadcasts  beyond  imagery  into 
numeric  messages  and  graphic  analysis-prognosis  material  may  also  assist  even 
the  more  basic  receiving  stations  to  become  more  quantitative  in  their  usage. 

The  growing  product  demands  and  the  improved  dissemination  and  handling 
resources  will  also  be  accompanied  by  further  growth  and  improvement  in  remote 
sensing  programs.  The  maturing  GOES  mission  will  expand  with  the  substitution 
of  the  VISSR  Atmospheric  Sounder  (VAS)  assuming  the  resources  can  be  found  to 
maintain  operation.  Denser  and  more  frequent  sets  of  indirect  atmospheric 
soundings  will  result  from  the  multi  channel  sounder,  and  the  present  two- 
channel  imaging  capability  will  continue. 

By  the  mid  eighties,  the  dual  polar  orbiter  (TIROS-N  series)  will  also 
be  a mature  operation,  and  advanced  quantitative  products  from  the  all-digital 
5-channel  imaging  scanner  and  multi-unit  sounder  will  be  meeting  the  global 
requirements  as  mentioned  above.  Experience  with  Seasat  microwave  sensors 
(Anon.  1977)  and  with  Nimbus  experimental  sensors  will  have  provided  insight 
to  supplement  the  continuing  TIROS-N  experience,  and  plans  for  a new  polar 
orbiter  system  (TIROS-0)  will  have  become  firm.  Since  geostationary  satellites 
are  to  be  launched  by  Japan,  the  USSR,  and  the  European  Space  Agency,  we  shall 
soon  have  the  ability  to  essentially  monitor  the  global  weather  pattern  on  a 
synoptic  basis.  Through  international  cooperation  in  extracting  simultaneous 
wind  estimates  and  other  measureables , we  may  eventually  alleviate  the  diffi- 
culty of  blending  asynoptic  observations  into  analyses  for  numerical  predic- 
tion. Such  cooperation  might  therefore  also  influence  the  interplay  of 
missions  between  polar  orbiters  and  geostationary  satellites  and  so  influence 
the  configuration  of  the  fourth  generation  (presumably  TIROS-0)  operational 
polar  satellite  system.  With  continuing  experience  and  an  expanded  sensor 
data  input,  and,  with  space  shuttle  operations  lessening  the  cost  of  space 
operations,  the  opportunity  for  production  progress  seems  assured. 

Accepting  all  of  the  above  concerning  growing  production  demands  and  the 
supportive  growth  in  remotely  sensed  information,  the  final  consideration 
involves  the  question  of  data  processing  capabilities.  Can  production  grow 
further  in  quantity,  quality,  and  degree  of  sophistication  with  minimal 
expansion  in  the  processing  budget?  The  answer  must  consider  both  people  and 
technology. 

In  budgeting  for  increased  computer  processing  power,  we  are  fortunate 
in  that  predictions  of  marked  advancements  with  diminishing  costs  have  erred 
on  the  conservative  side.  Inexpensive  microprocessors  are  making  all  compo- 
nents into  "smart  devices,"  and  large  and  medium  scale  systems  are  dropping 
in  price  as  the  same  technology  has  its  impact.  Competition  also  seems  to  be 
growing  in  the  development  of  economical  array  processors,  pipeline  systems, 
and  related  specialized  image  processing  hardware'.  Whether  eventual  replace- 
ment of  NOAA'S  360/195  trio  comes  through  larger  central  resources  or  expansion 
in  distributed  facilities,  it  appears  that  level  funding  for  computers  will 
continue  to  buy  expanded  support. 

The  management  of  human  resources  is  a much  more  serious  matter.  Expanded 
operational  production  must  not  usurp  developmental  taient.  This  means  that 
operational  software  must  be  devised  so  as  to  be  essentially  maintenance-free, 
and.  production  oontrol  plus  quality  monitoring  must  be  automated  to  the  fullest 
possible  extent.  We  believe  the  actions  now  under  way  — to  consider  life 
cycle  resource  requirements,  to  devise  a data  base  management  system  optimized 
for  operational  image  data  production,  and  to  invoke  realistic  standards  with 
a software  library  concept  such  as  CALM.S  — will  go  far  to  meet  these  demands. 

The  real  economic  payoff  for  an  Earth  application  satellite  operation  such 
as  the  one  described  herein,  involves  maximum  broadening  of  the  base  of  users. 


We  believe  progress  is  being  made  in 
emphasis  on  the  critical  deployment 
challenge  of  the  eighties. 


that  direction,  and,  with  continuing 
of  human  resources,  we  welcome  the 
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OPERATIONAL  UTILIZATION  OF  REMOTELY  SENSED  DATA 
James  B.  Jones 
NOAA/NWS 

Sliver  Spring,  Maryland 
ABSTRACT 

This  paper  describes  ways  that  data  from  environmental 
satellites  and  other  remote  sensing  platforms  are  used  in  some 
of  NOAA's  operational  service  programs.  Applications  which  have 
become  routine,  and  those  v/hich  are  in  advanced  field  test  are 
included.  Some  applications  yield  a clear  cut  economic  benefit. 

In  other  cases,  benefits  — if  any  --  are  obscure.  In  yet  other 
cases,  benefits  in  one  sector  may  be  offset  by  detriments  in 
another.  A few  illustrative  examples  are  given. 

,| 


1 . INTRODUCTION 

In  February  1971,  NOAA  published  First  Five  Years  of  the  Environmental  Satellite  Program  -- 
An  Assessment.  During  most  of  the  period  covered  by  this  report,  operational  satellite  data 
were  limited  to  pictures  taken  once  a day  over  the  sunlit  part  of  the  world.  Despite  this 
rather  severe  limitation,  beneficial  use  was  made  of  the  remotely  sensed  data  from  this  first 

operational  system.  Toward  the  end  of  this  first  five  year  period,  daytime  cloud  pictures  taken  | 

every  30  minutes  became  available  through  an  extensive  operational  use  experiment  with  NASA's 

research  and  development  geostationary  Applications  Technology  Satellites,  ATS-1  and  -3.  In  the  i 

six  years  since  this  first  assessment,  we've  been  provided  with  more  and  better  data  from  satellite  ' 

and  aircraft  platforms,  and  we've  learned  how  to  use  the  data  more  effectively.  i 

2.  1971-1977  UPDATE  ! 

j 

This  section  heading  is  a slight  misnomer  because  some  of  the  specific  examples  of  applications  j 

are  taken  from  the  first  five  years  experience.  Most  however,  are  examples  of  new  things  or  old 

things  done  better.  | 

2.1  HURRICANES  i 

The  use  of  satellite  pictures  to  find  and  track  hurricanes  and  lesser  tropical  storms  dates 
back  to  the  early  days  of  the  TIROS  program.  Since  the  inauguration  of  the  operational  weather 
satellite  service  in  1966,  probably  no  tropical  storm  has  gone  undetected,  and  almost  invariably 
the  storms  are  seen  first  by  satellite.  Not  only  has  the  U.S.  integrated  the  satellite  observations 
into  its  hurricane  warning  service,  it  shares  with  the  rest  of  the  world  the  tropical  storm 

surveillance  capability  of  the  satellite.  i 

In  1974,  the  Geostationary  Operation  Environmental  Satellite  (GOES)  system  was  launched, 
giving  us  near  continuous  around  the  clock  surveillance  of  the  tropical  Atlantic  and  eastern  Pacific. 

Satellite  navigation  improved,  and  along  with  it  the  ability  to  locate  cloud  features  more  accurately. 

And  a Satellite  Field  Services  Station  was  collocated  in  Miami  with  the  National  Hurricane  Center, 
in  San  Francisco  with  the  eastern  Pacific  Hurricane  Center  and  in  Honolulu  with  the  Central  Pacific 
Hurricane  Center.  Early  detection  and  nearly  continuois  surveillance  have  helped  us  improve  short 
term  warning  service  to  shipping  and  coastal  communitif.'s.  Before  satellites  it  wasn't  uncommon 
to  learn  of  a developing  storm  when  a ship  ran  into  it  and  told  us  about  it.  Satellite  surveillance 
now  helps  us  tell  the  mariner  where  the  storms  are,  leaving  it  to  his  discretion  then  whether  to 
proceed  or  alter  course.  These  improvements  provide  potential  economic  and  social  benefits,  but 
the  public  has  a vital  role  to  play  in  realizing  the  potential.  More  reliable  and  timely  warnings 
return  a benefit  only  if  the  public  develops  and  follows  a rational  plan  of  action. 

The  early  and  reliable  detection  and  tracking  of  hurricanes  by  satellites  has  yielded  some 
direct  benefits  in  the  form  of  cost  avoidance.  By  the  early  1970s,  tropical  storm  reconnai'"sance 
aircraft  flights  were  reduced  by  some  one  million  to  two  million  dollars  annually.  Satelli  ?s 
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During  the  morning  of  March  20,  1974,  meteorologists  at  the  National  Severe  Storm  Forecast 
Center  had  determined  that  Louisiana  and  east  Texas  had  most  of  the  conditions  necessary 
for  severe  weather  outbreak.  Shortly  after  noon,  a satellite  meteorologist  v/ith  the  Kansas 
City  Satellite  Field  Services  Station  detected  a short  wave  trough  moving  out  of  northern 
Mexico  into  southwest  Texas.  This  feature  was  tracked  for  the  rest  of  the  daylight  hours, 
establishing  its  direction  and  rate  of  movement.  Forecasters  calculated  when  this  upper 
level  trough  would  arrive  over  east  Texas  and  forecast  the  severe  weather  outbreak  to  begin 
at  that  time.  Numerous  severe  thunderstorms  and  several  tornados  were  reported  over  east 
Texas  and  the  state  of  Louisiana.  Director,  NSSFC  stated  that  the  satellite  data  had  played 
an  important  role  in  issuing  a timely  and  accurate  severe  weather  watch.  (Memo  from  the 
Manager,  Satellite  Field  Services  Station,  Kansas  City,  3/26/74). 

As  illustrated  by  these  examples,  satellite  observations  help  us  improvethe  timeliness  and 
reliability  of  our  severe  weather  advisory  service.  This  provides  the  potential  social  benefit 
of  fewer  injuries  and  deaths  from  severe  thunderstorms  and  tornados.  Again,  a well  thought  out 
and  well  executed  emergency  action  plan  by  the  community  is  vitally  important  if  this  potential 
benefit  is  to  be  realized. 

2.3  FORECAST  GUIDANCE 

Forecast  guidance  products  for  periods  from  12  hours  out  to  several  days  are  prepared  at 
the  National  Meteorological  Center  (NMC)  in  Washington,  D.C.  These  products  provide  thebasic 
forecast  charts  used  by  the  Weather  Service  Forecast  Offices  and  the  Weather  Service  Offices. 

Much  of  the  data  used  in  the  production  of  the  guidance  materials  comes  from  the  satellite  system. 
Cloud  pictures  are  used  to  detect  and  position  weather  systems  over  ocean  areas  of  the  world  and 
are  used  directly  in  preparing  weather  depiction  charts  for  guidance  to  the  aviation  weather 
service  program.  Winds  derived  from  the  GOES  cloud  motion  observations  add  useful  detail  to  the 
machine  produced  analyses  of  upper  level  wind  fields  and  provide  the  major  source  of  data  for 
the  wind  field  analyses  prepared  for  the  tropical  regions.  Beginning  in  1972,  atmospheric 
temperature  soundings  from  the  polar  orbiting  NOAA  satellite  system  have  been  added  to  the  data 
base  used  in  the  numerical  weather  forecast  models  at  NMC.  We  had  expected  by  now  that  these 
new  data  would  lead  to  a measurable  improvement  in  numerical  weather  forecasts.  Carefully 
controlled  tests  have  been  conducted  to  evaluate  the  impact  of  the  satellite  soundings  on  the 
analyses  and  forecasts.  Results  indicate  that  soundings  from  this  generation  of  satellite 
instruments  used  in  today's  operational  forecast  models  have  had  no  significant  affect  on  the 
accuracy  of  numerical  analyses  and  forecasts.  Work  is  continuing  on  the  next  generation  models 
and  atmospheric  sounders  in  an  effort  to  improve  this  situation. 

2.4  PUBLIC  WEATHER 

Pictures  from  GOES  are  now  received  routinely,  with  only  a few  minutes  delay,  at  all  Weather 
Service  Forecasts  Offices  (WSFOs).  These  cloud  observations  together  with  satellite  interpretation 
messages,  produced  regularly  by  the  NESS  Satellite  Field  Service  Stations,  are  an  important  source 
of  information  for  the  short  term  weather  forecasts  issued  to  the  public.  Forecasters  use  the 
satellite  information  to  monitor  and  amend  the  forecasts  issued  in  the  first  12  hours  of  the 
guidance  forecast  material  issued  from  the  NMC.  Forecast  offices  report  they're  able,  in  many 
cases,  to  improve  the  accuracy  of  the  short  term  forecasts  for  the  beginning  and  ending  of  _ 
precipitation,  local  changes  in  cloud  cover,  the  onset  of  heavy  thunderstorm  activity  with  its 
associated  hazards,  and  other  events  of  interest  to  the  general  public.  A few  cases  of  how  the 
satellite  pictures  helped  produce  a better  forecast  are  described  below. 

On  November  24,  1975,  WSFO  Portland,  Maine  modified  forecast  guidance  on  the  strength 
of  the  satellite  observations  and  made  important  changes  in  the  forecast  issued  to 
the  public.  Based  on  guidance  from  the  National  Meteorological  Center,  the  early 
morning  forecast  issued  by  Portland  at  0930Z  called  for  "...rain  beginning  tonight 
along  coastal  sections  of  Maine  and  New  Hampshire. . .light  snow  likely  tonight  in 
the  mountains. . .and  a chance  of  snow  in  the  far  northern  reaches  of  Maine  late  at 
night."  From  the  GOES  pictures  received  during  the  morning  of  November  24,  it  was 
apparent  the  storm  center  was  moving  on  a trajectory  that  would  carry  it  further 
off-shore  than  was  forecast  in  the  short  term  guidance  material.  On  the  basis  of 
these  indications,  an  amended  forecast  was  issued  calling  for". ..snow  tonight, 
tapering  off  by  midnight  in  southwestern  Maine  and  by  daybreak  in  eastern  Maine. 

Accumulations  of  two  to  four  inches  were  forecast  for  coastal  areas  and  gale  warnings 


were  Issued  for  the  area.  This  amended  forecast  Se‘’ciaStal'SrMr.°" 

tell  as  snow  ^“llj  ,ix^d  with  snow"  and  snow  accumulating 
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away  from  the  area.  At  11.00  . 4.i,g  satellite  pictures  showed  another 

further  precipitation,  early  afternoon^  ^h^  forecast  was  amended  calling  for  an 

small  storm  ''"“P  •PK"'''™t“t,,re?inche?  for  New  Vort  City  and  suburbs.  Two  to 
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some  10  to  12  hours  in  advance. 

on  a da,  in  April  1975.  fPrecast.rs  at  “““PPjlIja^rcSrd-srste^^blfr.S^^^^^^^ 
identified  thunderstorms  embedded  in  ^ include  mention  of  the  thunder- 

Sfrms.'SS'were  ilsS'refSrrtSIse  storms  had  been  detected  in  the  more  conyentional 
surface  and  radar  observing  networks. 

On  October  5,  1975,  a S?xrr»e1a",te™  'S?c?;3inrto“ 

over  much  of  the  lower  uniformly  but  pictures  from  GOES  indicated 

surface  reports,  this  covered  un,^^  were  located  in  spaces  between 

one  or  two  thin  spots  in  the  bl^ket  ^^gin  ^ burn 

surface  reporting  stations,  forecasters  forecast  and 

off  first  where  it  was  thinnest  ^^®gr  widening  circle,  as  the 

monitor  the  gradual  dissipation  of  ^be  fog  "he  satellite  pictures  provided  the 

clearing  approached  several  cities  in  the  area.  dissipation  at 
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• d spattiP  during  the  night  and  early  morning  of  May  28-29,1976, 
Satellite  pictures  received  at  Seattle  9 earlier  forecast  and  issue 

enabled  the  forecaster  to  make  important ^am  ^d  „3ters  of  western 

Warh^SoflorTe^MLria/Say'L^  ManV  boating  activities  were  scheduled, 

SclidSg  an  organized  sailing  race  in  the  Straits. 

• j A -1  9 d iQTd  the  weather  maps  prepared  from  conventional 
During  the  period  April  2-4,  197  > from  south  to  north  over  the  eastern 

observations  indicated  a 9enera  flow  aloft  from^south  ^,3,  bhe 

Pacific.  This  usually  S ^Ltellite  cloud  pictures  showed  the  flow 

intermountain  regions  of  the  v'ostern  . . p,  skies  were  forecast  for  the  western 
over  the  eastern  Pacific  was  more  westerly^  Se  satll  ite  observation , we'd  have 
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More  recently,  the  GOES  ped  WSFO^ 


vast  clouds  of  dust  and  transporting  them  eastward.  These  dust  clouds  were 
easily  identified  and  followed  in  the  GOES  pictures  — both  visible  and  infrared. 

To  paraphrase  a brief  technical  report  on  the  event,  GOES  provided  accurate 
information  on  the  leading  edge,  areal  extent,  relative  strength,  and  forward 
speed  of  the  dust  cloud.  This  enabled  the  WSFO  staff  to  issue  accurate  forecasts 
on  the  beginning  and  duration  of  the  dust  storm.  The  public  was  keenly  interested 
in  the  dust,  which  reduced  visibility  dramatically.  The  satellite  pictures  were  used 
to  provide  current  detailed  briefing  information  to  press,  radio,  and  television 
during  the  height  of  the  dust  storm.  GOES  photos  also  made  it  possible  to  give 
accurate  forecasts  of  improvements  from  the  dust  storm.  (Eastern  Region  Technical 
Attachment,  No.  77-6,  3/14/77). 

And  then  there  are  the  relatively  few  times  when  a forecaster  is  misled  by  the 
short  term  trends  shown  in  the  GOES  pictures  received  every  30  minutes.  On 
December  29,  1976,  WSFO  Boston  had  tracked  the  western  edge  of  a cloud  system 
as  it  approached  the  Boston  area.  Snow  was  falling  east  of  this  cloud  edge  and 
clearing  was  taking  place  to  the  west.  Boston  measured  the  rate  at  which  the 
cloud  edge  was  moving  eastward  and  by  extrapolation  forecast  a time  for  passage 
at  Boston.  Clearing  approached  Boston,  then  stopped  --  snow  fall  continued 
for  several  hours  more  and  six  additional  inches  of  snow  accumulated. 

Over  the  past  three  years,  as  forecasters  have  learned  to  interpret  the  GOES  cloud  observations 
the  satellite  has  become  an  increasingly  important  tool  in  our  public  forecast  service.  The 
ability  to  observe  short  term  local  trends  has  helped  us  improve  the  accuracy  of  public  forecasts 
in  the  first  12  hours  of  the  forecast  period.  We  believe  the  public  accrues  a social  benefit 
from  the  improvements  in  short  term  weather  forecasts.  Economic  benefits  are  difficult  to 
assess,  although  the  more  accurate  forecasts  of  snowfall  should  help  in  the  more  efficient 
management  of  snow  removal  resources. 

2.5  HYDROLOGY 

Data  from  remote  sensing  systems  also  play  a role  in  our  river  forecast  and  flood  warning 
services.  Heavy  rain  storms  moving  inland  from  ocean  areas  and  from  decaying  tropical  storms 
can  cause  dangerous  flooding.  Slow  moving  systems  of  heavy  thunderstorm  activity  can  cause 
serious  flash  flooding  — witness  the  Big  Thompson  Canyon  disaster  of  1976.  Experience  in 
interpreting  satellite  pictures  and  the  more  recent  around  the  clock  surveillance  by  GOES  have 
helped  identify  and  track  storms  moving  in  from  the  data  sparse  ocean  areas  and  the  decaying 
tropical  storms,  reducing  the  number  of  times  we  and  our  customers  have  been  surprised  by 
flood  producing  rains.  In  these  cases,  timely  warnings  were  issued  and  benefits  of  both  a 
social  and  economic  nature  were  realized. 

During  the  first  10  days  of  January  1974,  the  movement  of  storms  into  the 
Pacific  northwest  had  been  blocked.  Toward  the  end  of  this  period,  fore- 
casters in  our  Western  Region  saw  trends  in  the  satellite  cloud  observations 
that  indicated  a breaking  down  of  the  block  that  would  result  in  a period  of 
heavy  rain  over  the  area.  Forecasts  were  issued  for  rain  beginning  January  11 
with  the  indication  that  heavy  rains  could  be  expected  for  several  consecutive  days. 

In  addition  to  the  public,  these  forecasts  were  issued  to  water  resources  management 
groups  responsible  for  controlling  water  levels  in  reservoirs  for  conservation 
and  flood  control,  The  forecasts  were  accurate  and  timely;  heavy  rains  fell  and 
widespread  flooding  occurred  in  western  Oregon  --  eleven  lives  were  lost  and 
property  damage  reached  an  estimated  damage  of  $65,000,000.  Withour  the  timely 
and  accurate  warnings,  the  casualty  and  damage  figures  would  have  been  considerably 
higher.  Our  Western  Region  forecasters  gave  major  credit  to  the  satellite 
observations. 

During  the  early  morning  hours  of  September  26,  1975,  the  Susquehanna  River  basin 
was  getting  heavy  rain  from  the  nearly  stationary  remnants  of  tropical  storm  ELOISE 
which  had  moved  northward  from  the  Gulf  coast.  Eastern  Pennsylvania  and  southern 
New  England  were  being  threatened  with  serious  flooding.  Forecasters  were  reassessing 
the  situation  almost  hourly  to  warn  where  needed  and  avoid  unneeded  warnings  where 
possible.  Movement  of  the  rain  producing  ELOISE  was  the  major  factor  in  calling  the 
shots,  Radar  coverage  was  just  about  adequate  because  of  the  relatively  large  distance 
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of  the  storm  from  the  nearest  radars.  Analysis  of  pictures  from  the  GOES 
system  indicated  the  rain  system  was  moving  eastward  at  about  8 to  10  miles 

Zinld"  rainfall  eSdeJ:  clLrly 

defined.  Using  these  pictures  at  30  minute  intervals,  meteorologists  of  the 

th^day  ^^This  ShlPd\h^°'”f  surveillance^throughoit’ 

end  ove;  oIJjs  nf  fhf h correctly  the  time  when  rainfall  would 

nd  over  parts  of  the  basin,  and  provide  timely  and  accurate  ri'vr  stage  forerastc 
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radiation  flights  over  the  Lake  Ontario  and  Lake  Erie  Basins  near  B^ffaf^in  March"l97?! 

2.6  SPECIALIZED  SERVICES 
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2.6.2  MARINE  OPERATIONS 
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In  1975,  the  EXXON  Company  conducted  a test  to  determine  if  improved  day-to-day  knowledge  of 
the  Gulf  Stream  location  could  improve  navigation  enough  to  realize  significant  fuel  savings. 

NOAA  produced  analyses  of  the  Gulf  Stream  location  twice  a week  from  satellite  infrared  observations 
and  sent  them  to  EXXON.  Eleven  EXXON  tankers  participated  in  the  controlled  test.  Five  were 
instructed  to  follow  standard  navigation  practices  for  using  or  avoiding  the  Gulf  Stream  and 
the  other  six,  to  navigate  according  to  the  up-to-date  satellite  information  on  Gulf  Stream 
location.  A summary  at  the  end  of  the  season  showed  an  average  round  trip  savings  of  about  3% 
for  those  vessels  using  the  satellite  derived  Gulf  Stream  analysis.  EXXON  projected  a potential 
fuel  savings  of  some  31,500  barrels  of  fuel  oil  with  a dollar  value  of  $360,000  (assumed  a total 
of  15  tankers  navigating  by  the  satellite  Gulf  Stream  analysis).  Applied  to  all  coastal  shipping, 
savings  in  operating  and  fuel  costs  could  be  really  significant.  (Note:  a more  complete  account 
of  the  EXXON  test  is  found  in  the  September  1976  issue  of  Gulf  Stream  Magazine.) 

More  recently,  NOAA  has  started  preparing  an  analysis  of  the  Gulf  of  Mexico  Loop  Current 
from  satellite  infrared  observations  for  test  use  by  shipping  and  fishing  operators.  The  Loop 
Current  analysis  was  distributed  on  an  experimental  basis  for  several  weeks  beginning  in 
December  1976  to  test  user  reaction.  Response  was  positive.  Fishermen  looking  for  the  thermal 
boundary  of  the  current  could  sail  directly  to  it  — some,  noting  that  it  lay  beyond  the  range 

of  their  boats,  saved  fuel  and  expense  by  staying  in  port.  The  earlier  practice  was  to  start 

out  into  the  Gulf  toward  the  usual  location  of  the  current  and  continue  until  the  current  was 
found.  If  the  vessel  reached  the  limit  of  its  cruising  range  without  finding  the  current,  it 
turned  around  and  came  home.  Cargo  vessels  following  the  analyses  were  able  to  use  or  avoid 
the  current  and  register  saving  in  time  and  fuel.  In  January  1977  potential  marine  users  were 

surveyed  — did  they  think  the  service  useful  and  would  they  like  to  receive  the  analysis 

routinely.  Ship  masters  and  shipping  superintendents  representing  about  200  ships  responded 
positively  --  among  them  several  large  oil  and  ocean  transport  companies.  In  his  response  the 
executive  vice  president  for  one  company  stated,  "We  are  presently  using  the  single  side-band 
broadcast  for  the  West  Wall  of  the  (Gulf)  Stream  in  the  southeastern  Atlantic  region  which  has 
been  of  great  value. " 

Off  the  Pacific  coast,  commercial  and  sports  fishermen  look  for  thermal  fronts  associated 
with  upwelling  and  ocean  currents  to  locate  varieties  of  fish.  In  1975,  NOAA  began  a cooperative 
program  to  produce  up-to-date,  detailed  analyses  of  these  thermal  features  from  satellite  infrared 
measurements  and  distribute  them  to  fishermen  for  a test.  During  this  test,  some  200  fishermen 
used  the  service.  An  average  saving  of  several  hundred  dollars  in  fuel  was  estimated  for  each 
of  the  participating  boats.  In  1976,  the  distribution  system  was  expanded  to  reach  an  estimated 
several  thousand  vessels.  In  1977,  the  analysis  will  be  extended  southward  from  San  Diego  to 
the  Baja  region.  One  albacone  fisherman  had  this  to  say  about  this  special  service:  "In  spite 

of  the  bad  weather  last  season,  everytime  I used  one  of  those  charts,  the  fish  were  right  where 
they  v/ere  supposed  to  be.  You  can't  ask  for  anything  better  than  that."  (A  more  complete 
account  is  found  in  NOAA,  Vol  6,  No.  1,  January  1976). 

With  the  advent  of  the  high  (1km)  resolution  images  and  twice  daily  coverage  from  NOAA 
satellites  and  the  Defense  Meteorological  Satellite  Program  (DMSP),  the  satellite  has  grown 
in  importance  as  an  ice  surveillance  vehicle.  An  early  benefit  in  terms  of  cost  avoidance  was 
realized  when  routine  ice  surveillance  air  patrols  over  much  of  the  Arctic  were  eliminated  or 
reduced  substantially.  Side  looking  airborne  radar  has  proved  useful  for  getting  needed  detail 
about  ice  distribution  for  shipping  on  the  Great  Lakes.  Here's  another  case  whe-^e  remote 
sensing  from  satellites  and  aircraft  have  found  practical  application  — improved  ice  surveillance 
and  forecasting.  But  this  appears  to  be  at  least  one  case  where  not  everyone  is  happy  about 
v/hat  we're  doing  with  the  technology.  This  ice  surveillance  and  forecasting  service  is  generally 
well  received  by  shipping  companies  carrying  equipment  and  supplies  to  the  North  Slope  and  those 
operating  on  the  Great  Lakes.  Shippers  with  cargo  enroute  benefit  also  - better  ice  surveillance 
and  forecasting  increases  safety,  reliability  and,  in  the  case  of  the  Great  Lakes,  has  been 
a factor  in  extending  the  shipping  season.  However,  some  groups  and  communities  along  the 
Lakes  have  viewed  this  as  a detriment.  It's  disrupted  the  winter  time  life  style  of  some 
communities  and  some  groups  claim  the  practice  threatens  the  ecology  of  the  area. 

2.6.3  SEARCH  AND  RESCUE 

When  planning  a search  and  rescue  mission,  the  U.S.  Coast  Guard  often  contacts  the  NESS 
Washington  Satellite  Field  Services  Station  for  the  most  recent  information  on  sea  surface^ 
temperature  and  the  location  of  ocean  currents,  including  small  scale  eddies.  The  NESS  unit 
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derives  this  information  from  satellite  IR  measurements  and  provides  the  service  on  an  on-call 
basis  in  addition  to  distributing  similar  products  on  a regular  schedule.  _ In  general,  the 
satellite  surveillance  is  more  timely  than  sending  an  aircraft  and  it  avoids  the  cost  of  the 
aircraft  reconnaissance  flight.  In  1975,  NESS  estimated  savings  of  time  and  fuel  on  the  order 
or  $30k.  There's  no  way  of  estimating  the  savings  of  life  and  property.  Presumably  some  rescues 
were  made  more  quickly  through  information  derived  from  the  satellite  data  and  this  must  be 
counted  as  a social  benefit. 

The  Civil  Air  Patrol  (CAP)  in  California  with  the  NESS  Satellite  Field  Services  Station  and 
the  NWS  Forecast  Office  in  Redwood  City  has  developed  procedures  for  using  satellite  cloud  observations 
in  the  CAP  search  and  rescue  operations.  When  an  aircraft  is  reported  overdue  and  presumed  down, 
meteorologists  and  the  search  and  rescue  planners  examine  satellite  pictures  coinciding  with  the 
time  of  the  flight  plan,  looking  for  signs  of  weather  conditions  along  the  route  that  could  be 
hazardous  for  the  particular  aircraft  and  pilot.  This  preplanning  with  the  satellite  pictures 
has  helped  narrow  the  search  area  and  reduced  search  time  substantially.  This  increases  the 
chances  of  finding  survivors  — an  unquestionable  social  benefit.  Search  time  and  fuel  are  saved 
also. 


2.6.4  WILDLIFE  MANAGEMENT 

Wildlife  managers  who  must  establish  hunting  regulations  for  Canada  geese  are  now  using 
satellite  pictures  from  NOAA  to  help  them  assess  the  probable  bird  population  at  the  end  of  each 
nesting  season.  These  figures  are  used  to  set  bag  limits  for  the  coming  hunting  season.  One 
factor  important  to  the  reproductive  success  of  the  Canada  goose  is  the  timely  disappearance  of 
snow  and  ice  in  the  nesting  regions  and  the  availability  of  melt  water  to  allow  for  production 
and  rearing  of  young  birds.  If  the  season  is  late  or  weather  adverse,  population  growth  is 
inhibited.  The  NOAA  polar  orbiting  satellites  provide  pictures  of  snow  and  ice  conditions  in 
the  traditional  arctic  nesting  areas  and  help  the  waterfowl  manager  assess  conditions  faced  by 
the  nesting  geese  in  areas  too  remote  for  on-site  inspection.  The  pictures  help  identify  probable 
times  and  areas  of  extreme  — catastropic  or  outstanding—  goose  production  permitting  the 
manager  to  set  appropriate  hunting  limits. 


SUMMARY 

NOAA  uses  remotely  sensed  data  — mostly  from  the  operational  environmental  satellite  system  - 
in  weather  forecast  and  warning  services  plus  specialized  marine,  agriculture,  and  search  and 
rescue  support.  We  believe  these  data  have  helped  improve  the  quality  of  many  of  these  environ- 
mental services.  It's  hard  to  define  quantitatively  the  val je  of  a public  weather  forecast,  but 
we  believe  social  benefits  do  accrue.  In  some  of  the  more  specialized  services,  such  as  support 
to  ship  routing,  economic  benefits  are  more  easily  estimated  and  appear  to  be  substantial. 


228 


REBIRTH  OF  REMOTE  SENSING  - 


DO  WE  KNOW  ENOUGH  FOR  OUR  0^  GOOD?* 


Robert  L.  Herbst 

Assistant  Secretary  of  the  Interior 
For  Fish  and  Wildlife  and  Parks 

Washington,  D.C. 


It  is  a pleasure  to  be  here  in  Ann  Arbor,  Michigan,  for  the  Eleventh 
Symposium  on  Remote  Sensing  of  Environment,  and  I appreciate  the  opportunity 
to  address  a few  words  that  may  express  a new  appreciation  of  the  contribu- 
tions which  we  expect  from  your  field  to  major  and  immediate  problems. 

I am  aware  that  the  history  of  this  syn\posium--over  15  years  and  1,000 
papers--spans  the  development  of  the  "art”  and  provides  the  basic  reference 
through  the  invaluable  resulting  Proceedings . I am  pleased  that  the  Depart- 
ment I represent  has  been  represented  so  continuously  and  substantially  in 
this  history,  I am  further  impressed  by  the  substantial  international _ repre- 
sentation, and  by  plans  to  move  meetings  of  alternate  sessions  to  foreign 
centers  to  emphasize  the  "International"  scope  of  your  investigations. 

On  this  occasion,  I wish  to  underline  the  last  word  of  this  Symposium  on 
Remote  Sensing  of  Environment.  Environment,  taken  broadly  to  refer  to  concern 
for  our  resources,  the  quality  of  the  air  and  water,  the  wise  production  of 
energy.  The  theme  of  my  remarks  concerns  the  "payoff"  stemming  from  the  in- 
tensive scientific  investigations  of  your  group  and  the  substantial  R and  D 
investments  of  the  government,  in  particular  for  global  earth  observation 
satellite  systems. 

I myself  am  a natural  scientist  of  the  old  school.  Like  Aristotle  I 
started  my  career  as  a student  and  disciple  of  Plato.  For  many  years  I con- 
sidered mathematics  as  an  abstraction  from  natural  reality.  More  recently 
responsibilities  of  my  recent  jobs  have  driven  home,  even  if  Aristotle  and 
Plato  did  not.  I have  come  to  recognize  the  impact  of  reality. 

The  present  way  of  comprehending  the  natural  world  is  a very  recent 
development,  and  I must  confess  to  having  to  labor  mightily  to  simply  keep 
abreast  of  what  you  scientists  are  up  to  these  days. 

Before  I discuss  what  avenues  this  administration  is  to  explore  in  your 
field,  let  me  remind  myself  and  you  in  this  audience  of  one  very  important 
historical  fact.  It  should  humble  us  all  for  a moment,  at  least. 

In  this  Nation  we  rely  heavily  on  science  and  technology.  We  should,  all 
of  us,  I believe,  remember  that  it  was  possible  for  great _ civilizations  of 
the. past  to  achieve  highly  developed  technologies  and  religious  and  legal 
systems  in  the  complete  absence  of  a conception  of  science  as  it  is  now  under- 
stood. Such  were  the  civilizations  of  ancient  Egypt,  Mesopotamia,  India,  and 

*An  address  by  Mr.  Herbst  to  the  11th  International  Sjmiposium  on 
Remote  Sensing  of  Environment,  Ann  Arbor,  Michigan,  April  26,  1977. 


the  Western  Hemisphere.  Even  the  Hebrews,  people  whose  religion  forms  a large 
part  of  the  basis  of  European  civilization,  were  indifferent  to  science.  Al- 
though the  Greeks  created  a system  of  thought  that  was  similar  to  the 
scientific,  in  succeeding  centuries  there  was  little  progress  beyond  their 
achievements  and  little  comprehension  of  it.  In  the  modern  world,  science  has 
enjoyed  continuous  progress  for  only  some  500  years,  even  though  most  of  that 
period  it  was  of  minor  interest  among  a cultural  elite.  The  lives  of  ordinary 
people  were  affected  only  in  the  most  indirect  ways  by  the  thoughts  of 
scientists  and  the  application  of  their  results.  The  great  power  of  science 
and  its  pervasive  influence  on  all  aspects  of  life  are,  thus,  very  recent 
developments.  Let  us  not  forget  this. 

Instead,  let  us  remember  that  today  there  is  a widespread  reaction  against 
any  tendency  to  treat  social  or  practical  decisions  as  technical  matters  which 
can  be  left  to  the  judgment  of  scientific  or  technological  experts. 

The  general  methods  of  technology  may,  indeed,  represent  practical  applica- 
tions of  the  theoretical  understanding  arrived  at  by  science,  but,  all  in- 
dividual decisions  about  putting  those  general  techniques  to  use,  for,  say, 
building  an  airport  or  a power  plant,  must  be  made  not  by  appealing  to  any 
general  formula  or  rule  of  thumb,  but  by  balancing  a whole  range  of  diverse 
considerations--economic  and  aesthetic,  environmental  and  human,  as  well  as 
merely  technical. 

The  title  of  my  address  is  Rebirth  of  Remote  Sensing:  Do  We  Know  Enough 

for  Our  Own  Good? 

I think  we  do . I believe  President  Garter  thinks  we  do,  and  he  is  a man 
of  scientific  training  and  experience.  He  is  also  a man  of  humanistic 
experience  in  the  realm  of  politics . 

I have  come  to  outline  in  broad  form  a view  presently  held  within  this 
administration  of  the  general  direction  in  which  we  intend  to  make _ advances 
that  will  benefit  not  simply  science,  but,  more  importantly,  the  citizens  of 
this  Nation,  and  indeed  citizens  around  the  world. 

I did  not  come  here  with  specific  details  of  President  Carter's  plans  for 
the  use  of  remote  sensing.  I can  simply  state  that  he  is  well  briefed  on  all 
aspects  of  current  programs  and  experiments  in  this  field. 

He  said  while  he  was  the  Governor  of  Georgia,  and  I quote;  "I  believe 
that  application  of  space  technology  to  solving  global  as  well  as  state  and 
national  problems  is  one  way  by  which  American  know-how  can  make  unique  and 
lasting  contributions  to  the  welfare  of  mankitTd.” 

1 am  aware  personally  of  recommendations  made  to  the  Secretary  of  the 
Interior  and  to  the  President.  They  should  be  of  particular  interest  to  you 
in  this  audience . 

First  1 should  like  to  address  the  problems  of  applying  the  data  collected 
by  the  Landsat  family,  in  conjunction  with  aircraft  and  ground  observations, 
to  our  urgent  problems. 

As  you  all  know,  Landsat-1  and  -2  were  launched  in  July  1972  and  January 
1975,  respectively.  These  very  successful  earth  observation  satellites  con- 
tinue to  provide  large  amounts  of  high-quality  data  throughout  the  world  that 
have  made  it  possible  to:  . 

1.  Demonstrate  the  applications  of  multispectral , multidate,,  space- 

acquired  data  to  regional,  national,  and  global  resource  assessment 
and  environmental  monitoring,- 


2.  Develop  rapid  analysis  techniques,  including  machine-aided  analysis, 
to  extract  needed  resource  and  environmental  information  from  the 
satellite  data  in  a format  that  can  be  incorporated  directly  into 
computerized  information  systems ; 

3.  Make  comparisons  of  resource  and  environmental  problems  on  the 
basis  of  uniform  worldwide  data; 

4.  Show  that  international  sensitivities  concerning  data  acquired 
over  foreign  territories  are  not  serious  since  most  nations 
recognize  that  the  benefits  outweigh  the  risks; 

5.  Reaffirm  the  U.S.  policy  for  open  distribution  of  global  data  ac- 
quired from  the  Landsat  satellites. 

Let  me  now  explore  some  obstacles  or  deficiencies  in  the  on-going 
satellites  that  impede  operational  use  of  the  data. 

For  some  operational  applications,  Landsat  data  will  be  required  by  the 
user  within  24-72  hours  of  acquisition  by  the  satellite.  The  current  system 
does  not  permit  such  rapid  utilization.  I understand  that  Canadian  and  other 
foreign  reception  stations  have  already  implemented  methods  to  provide  for 
more  rapid  data  availability. 

Following  the  launch  of  Landsat-C  in  1977,  an  entirely  new  satellite, 
Landsat-D,  is  being  planned  by  NASA  for  launch  in  1981.  At  this  time,  there 
is  no  p]  armed  backup  for  Landsat-C,  and  the  time  between  planned  launches 
does  not  provide  assurance  of  continuity  in  the  event  of  failure. 

In  addition,  Landsat-D  will  have  a new  orbit.  Thus,  the  spectral  and 
spatial  characteristics  of  Landsat-D  sensors  are  different  from  the  earlier 
satellites.  While  such  factors  are  to  be  expected  in  an  experimental  program, 
they  deter  operational  planning  and  data  use.  To  ensure  that  the  benefits  of 
this  technology  can  be  realized,  it  appears  that  what  may  be  needed  is  an 
operational  program,  which  is  operated  in  parallel  with  the  experimental  and 
technology  development  programs . 

The  experimental  program  began  through  the  initiative  of  Secretary  of  the 
Interior  Udall  during  the  mid-1960's.  Subsequently,  the  Congress  provided 
strong  support  to  both  NASA  and  Interior  to  proceed  with  the  experimental  pro- 
gram and  has  encouraged  implementation  of  operational  phases  of  the  program. 

However,  the  enabling  legislation  of  NASA  does  not  provide  for  operational 
activities.  Thus  far  agreement  has  not  been  reached  for  the  necessary  in- ^ 
stitutional  arrangements.  We  recognize  the  need  for  solutions  to  the  institu- 
tional arrangements  which  could  lead  to  an  effective  program. 

A possible  clue  to  the  shape  of  future  management  organization  is  offered 
by  a bill,  S.  657,  introduced  on  February  7,  1977.  This  bill  would  assign 
operational  responsibility  for  the  space  segment  of  the  program  to  NASA. 
Responsibility  for  the  ground  segment  would  be  assigned  to  the  Secretary  of 
the  Interior,  and  responsibility  for  coordination  and  policy  would  be  assigned 
to  the  Director  of  the  Office  of  Science  and  TechnoLogy  Folicy, 

I am  aware  that  remote  sensing  devices  encompass  a wide  variety  of  devices 
and  applications . I have  chosen  for  this  talk  to  look  with  particular  atten- 
tion to  the  satellite  sensor,  readout  system  of  great  importance _ to  my  Depart- 
ment, the  Landsat  satellite  system.  Now,  as  to  current  applications,  this 
system  has  been  providing  data  to  Interior  bureaus  for  research  and  develop- 
ment since  its  beginning  in  1972.  I will  cite  bureaus  which  have  demonstrated 
that  the  data  can  be  used  in  their  normal  operations. 
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The  Geological  Survey,  for  example,  routinely  uses  Landsat  data  in  a 
multitude  of  research  and  investigative  projects.  These  cover  problems  such 
as  mineral  resource  investigation  in  Alaska,  changing  environmental  conditions 
in  wetlands,  land  use  mapping,  preparation  of  environmental  impact  statements, 
water  resources  exploration,  and  mapping  of  natural  hazards. 

The  Bureau  of  Land  Management  has  conducted  sufficient  research  in  Landsat 
applications  for  their  missions  to  proceed  with  major  investments  in  programs 
and  systems  to  use  Landsat  to  support  their  operational  activities. 

The  Bureau  of  Reclamation  is  similarly  investing  in  a digital  Landsat 
analysis  system  to  use  for  mapping  and  monitoring  of  agricultural  areas  for 
irrigation  water  management . 

The  Bureau  of  Mines  has  had  outstanding  success  in  mapping  clay  mines  in 
South  Carolina  with  digital  Landsat  data,  which  is  expected  to  lead  to  a_ 
capability  for  monitoring  land  use  changes  caused  by  mining  and  reclamation  of 
mined  lands . 

The  U.S.  Fish  and  Wildlife  Service  is  quite  active  in  using  Landsat  digital 
data  for  mapping  and  monitoring  effects  of  mining  on  wildlife  habitat  in  the 
western  energy  lands.  Landsat  data  are  also  being  investigated  for  basic  in- 
ventories such  as  the  national  wetlands  program  and  is  used  for  monitoring 
freeze/ thaw  conditions  in  the  Arctic  breeding  grounds  of  migratory  waterfowl 
in  order  to  predict  waterfowl  populations . 

Recent  Federal  and  State  legislation  drives  the  need  for  better  collection 
and  handling  of  data;  for  example,  Che  Coastal  Zone  Management  Act,  Environ- 
mental Protection  Agency  Section  208  - Areawide  Waste  Treatment  Program,  Oregon 
Land  Conservation  and  Development  Act , New  York  State  Mined  Land  Reclamation 
Act,  etc. .require  timely  information  over  large  areas . 

Frequently,  basic  data  are  not  available  or  are  outdated,  and  new  data  are 
costly  to  acquire.  Landsat  data  offer  an  attractive  alternative  since  data 
are  collected  repetitively  and  cloud-free  data  are  available  for  the  entire 
United  States  at  a modest  cost  to  Che  user. 

Another  hallmark  of  this  Administration  is  close  cooperation  with  State 
and  local  organizations.  Recently,  a survey  was  conducted  in  which  regional 
and  State  agencies  were  asked  to  comment  on  the  usefulness  of  the  Landsat^ 
program  to  help  meet  their  present  and  anticipated  environmental  information 
requirements.  Responses  were  received  from  two  National  State  interest  groups, 
five  multistate  organizations,  23  individual  States,  and  9 substate  organiza- 
tions. The  replies,  now  being  analyzed,  are  positive. 

Expressions  of  support  were  also  received  from  the  National  Governors 
Conference,  National  Conference  of  State  Legislatures,  Southern  Governors 
Conference,  and  18  States.  Further,  additional  specific  examples  of  the 
utility  of  Landsat  data  were  provided  in  responses  from  12  State  governments. 

Now,  to  turn  to  international  applications;  within  a year  of  its  launch  in 
1972  the  enormous  capability  of  Che  Landsat  system  for  providing  a universal 
global  base  of  data  had  been  demonstrated.  This  could  help  overcome  a dearth 
of  environmental  information  over  large  land  areas  and  some  shallow  water 
oceanic  areas.  It  could  standardize  and  improve  natural  resource  data  systems 
everywhere,  as  well  as  provide  data  for  research  applied  to  Che  Earth  sciences 
and  related  environmental  fields.  A growing  use  of  the  Landsat  images _ is 
being  made  on  cooperative  overseas  assignments,  for  example  the  Geological 
Survey  and  National  Park  Service  teams  in  Saudi  Arabia,  and  Geological  Survey 
minerals  exploration  programs  in  Thailand. 
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Other  countries  are  investing  major  resources  of  the xr  own  xn  antxcxpa- 
tion  of  an  operational  system.  Canada,  Brazil,  and  Italy 

Landsat  data  reception  stations.  A temporary  statxon  xs  operatxng  in  lakxstan. 
Iran  will  complete  its  station  in  1977.  Other , nations , including  Zaire  and 
Argentina,  are  developing  stations  to  improve  coverage  of  their  regions. 

Alieria  thfEconomic^Commission  for  Africa,  and  the  U.N.  Food  and ^Agricultural 
Organization  plan  acquisition  of  comparable  facilities  based  largely  upon 
proposed  use  of  Landsst  data. 


The  Interior  Department,  with  other  Departments,  is  sharing  its  expertise 
in  Earth  resources  and  its  experience  and  capability  for  applying  aerospace 
technology  to  the  solution  of  development  and  management  problems.  Tnts^ 
Department  can  continue  to  be  available  to  serve,  in  a sense,  as  a technical 
arm  of  the  U.S.  Government  in  assisting  international  resource  activities  in 
the  Earth  and  environmental  sciences  that  employ  remote  sensing. 


I would  like  to  cite  one  example,  which  relates  to  my  area  of  responsibility, 
which  suggests  the  framework  within  which  future  cooperation  can  function.  this 
i c;  the  Convention  on  Nature  Protection  and  Wildlife  Preservation- -in  the  Western 

Hemisphere  which  hiJ  beenTatified  by ir^ountries . This  convention  calls  on 

the  countries  of  the  Hemisphere  to  establish  natural  parks  and  reserves  to 
conserve  their  wild  flora  and  fauna,  to  take  legal  measures  to  protect  and 
manage  wildlife,  especially  species  which  are  endangered  and  to  cooperate  with 
and  assist  each  other  in  all  of  these  activities  as  well  as  in  research  and 
the  protection  of  ecosystems. 


In  June  1976,  the  U.S.  introduced  a resolution  at  the  General  Assembly  of 
the  Organization  of  American  States  calling  on  the  nation's  to  take  steps  to 
implement  the  convention's  terms  and  make  nature  conservation  a basic  and 
ackve  part  of  their  development  planning.  This  resolution  which  was  drafted 
by  the  Interior  Department  drax-^s  attention  to  the  fact  that  the  renewable 
natural  resources  of  the  hemisphere  are  being  exploited  in  an  unplanned  and 
destructive  manner  which,  if  continued,  will  result  in  their  exhaustion  and 
the  degradation  of  the  environment.  It  also  draws  attention  to  the  effects 
of  the  use  and  spread  of  ecologically  destructive  pesticides  and  pollutants. 


It  proposes  to  reinforce  the  capabilities  of  the  OAS  to  provide  coordina- 
tion and  assistance  in  renewable  natural  x'esource  management  and  research 
and  to  organize  meetings  of  scientists,  managers,  and  government  representa- 
tives  to  reviex<r  situations,  develop  measures  and  cooperative  programs  to 

draw  up  accords  binding  the  nations  to  agreed  principles,  practices,  and 
regulation. 


It  would  be  a most  appropriate  and  effective  use  of  the  Landsat  program 
to  make  it  work  for  the  Convention  on  Nature  Protection  in  the  Western 
Hemisphere  by  helping  to  provide  an  overall  ecological  picture  of  the 
Hemisphere  and  an  ongoing  monitoring  system  by  vjhich  we  can  observe  the 
effects  of  development  and  pollution  and  detect  changes  for  the  wope  in  time 
to  deal  with  them.  I intend  to  work  on  this  and  similar  uses  of  the  Landsat 
during  the  coming  year.  Though  national  sensitivities  will  continue  to  cause 
problems,  I believe  that  Landsat  can  be  one  of  the.  most  effective  aids  to 
ecological  study  and  conservation,  and  that  the  countries  once  they  see. this, 
will  lose  their  suspicion  of  it.  In  this  regard  I cannot  stress  too _ strongly 
that  a.g3TGement  among  the  participating  parties  on  the  mode  of  operation  xs 
imperative . 


I xx'ould  nox^?  like  to  turn  to  another  topic.  ^-Jhile  many  operational  uses 
have  sprung  directly  from  the  availabxlity  of  global  satellite  observations 
and  many  others  are  "waiting  in  the  wings"  for  operational _ commitments , 
scientific  utilization  of  the  data  remains  relatively , in  its  inrancy. 
reasons  For  this  are  understandable  and  predictable;  they  include. 


1.  the  detection  of  Earth  features  that  have  never  been  seen  before. 
Although  most  of  man's  progress  has  come  from  seeing  new  things,  time  is  re- 
quired to  translate  these  observations  into  acceptable  scientific  fact; 

2.  the  data  provide  a dynamic  view  of  the  Earth,  heretofore  unavailable. 

As  with  new  features,  time  is  required  to  adapt  scientific  educational,  and_ 
management  thoughts  and  procedures  to  achieve  understanding  of  the  scientific 
advantages  of  repetitive  viewing; 

3.  the  information  unit  of  Landsat  data  is  larger  than  information  units 
in  data  commonly  applied  toward  solution  of  Earth  science  problems.  This  re- 
quires significant  adaptation  by  the  scientific  community  before  absolute 
gains  and  evaluations  can  be  accomplished. 

There  is  a rapidly  growing  body  of  evidence  that  suggests  that  there  are 
very  large  linear  and  curvilinear  features  on  the  surface  of  the  Earth  (many 
previously  unrecognized)  that  may  be  classed  as  fundamental  structures  that 
extend  to  great  depths.  What  is  the  significance?  For  one,  these  features 
may  exert  control  on  the  upward  migration  of  ore-bearing  fluids  to  the 
shallow  depths  of  the  Earth.  For  another,  they  may  also  have  affected  rocks 
at  depth  with  resultant  control  of  accumulations  of  oil  and  gas.  Such  linear 
features  are  best  observed  by  satellites  with  their  large  aerial  coverage. 

The  uniformity  and  global  coverage  characteristics  and  repetitive  nature 
of  the  data  foster  scientific  exchange  and  extrapolation  among  the  scientific 
community,  and,  hence,  significant  scientific  benefits  may  accrue  in  a shorter 
period  of  time  than  was  anticipated. 

The  benefits  go  beyond  the  scientific  community.  New  opportunities  have 
been  opened  for  international  cooperation  by  the  United  States . Industry  in 
the  United  States  has  a new  tool  for  efficient  exploratory  work  in  the  search 
for  resources  and  engineering  planning.  International  financial  institutions 
have  a source  of  data  that  assists  them  and  the  cooperating  nations  in  assess- 
ing the  validity  of  investments  that  are  made. 

The  availability  of  Landsat  and  NOAA  satellite  data  present  man  with  a 
large  and  perhaps  unique  opportunity  to  better  his  scientific  understanding  of 
the  current  and  historic  mobility  of  the  Earth's  crust  and  the  relationships 
of  this  mobility  to  emplacement  of  minerals  and  fuels. 

Likewise,  the  repetitive  nature  of  the  data  are  providing  new  knowledge 
relating  to  interlinkages  between  the  surface  and  subsurface  of  the  Earth  as 
they  apply  to  a variety  of  disciplines.  In  an  educational  sense,  it  can  be 
said  that  these  data  open  a "whole  new  world"  to  the  student,  regardless  of 
age  or  level  of  education. 

Referencing  this  field  of  Remote  Sensing  to  recent  developments  in  the 
policy  area,  let  us  note  the  relevance  of  President  Carter's  principles  of 
national  energy  policy  to  the  requirements  for  improved  data. 

The  President  said  in  principle  three:  "We  must  protect  the  environment. 

Our  energy  problems  have  the  same  cause  as  our  environmental  problems — wasteful 
use  of  resources.  Conservation  helps  us  solve  both  at  once." 

The  President  said  in  principle  nine:  "We  must  conserve  the  fuels  that 

are  scarcest  and  make  the  most  of  those  that  are  more  plentiful.  We  cannot 
continue  to  use  oil  and  gas  for  75  percent  of  our  consumption  when  they  make 
\ip  only  8 percent  of  our  domestic  reserves.  We  need  to  ''hift  to  plentiful 
coal  while  taking  care  to  protect  the  environment,  and  L' > apply  stricter 
safety  standards  to  nuclear  energy." 
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summary,  successful  use  and  derivation  of  benefits  from  remote  sensinp 
ystems  xf  of  course  highly  dependent  on  program  continuity  to  ensure  that  the 
data  wxll  be  uniformly  collected  over  long  periods  of  time  to  increase  its 
value  as  an  indicator  of  basic  formations  and  of  significant  changes  in  our 
environment . 

bureaus  of  the  Department  of  the  Interior  are  now  moving  toward 
uses  of  the  experimental  Landsat  data  products  to  meet  their  operational  needs 
A number  of  State  agencies,  commissions,  and  associations  of  States  are  in- 
cluding Landsat  data  into  their  ongoing  State  programs.  The  need  for  con- 
tinuity of  data  and  information  concerning  National  program  commitment  by 
these  Governmental  organizations  is  critical  for  decisions  related  to  in- 
corporating  this  technology  into  ongoing  programs  to  meet  local,  regional, 
National,  and  International  needs. 

. I personally  believe  it  is  time  for  a rebirth  of  remote  sensing.  I be- 
of^mLkind'^°'^  enough  about  it  to  use  this  science  wisely  and  for  the  benefit 


These  recommended  directions  of  approach  may  not  make  the  substantive 
problem  of  conserving  and  using  natural  biological  and  mineral  resources  very 
much  easier  to  deal  with  than  it  was  before,  but  they  have  one  genuine  LriP 
crucial  fact  that  the  distinctive  features  of  science  lie  not 
rL  events  to  which  the  scientist  has  access  but  in 

procecures  that  his  investigations  employ.  He  must  work  with- 
in the  community  of  man  with  man's  support  and  favor. 


Thank  you. 
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ABSTRACT 


The  paper  will  introduce  the  subject  by  discussing 
the  importance  of  information  gathered,  integrated  and 
analyzed  over  broad  regions  of  the  world.  Means  of  ac- 
quiring information  on  critical  areas  will  be  outlined, 
and  the  particular  role  that  remote  sensing  can  play  will 
be  described  in  each  case. 

Following  this  introduction,  the  possible  implemen- 
tation of  a global  information  system  will  be  presented. 
Some  of  the  current  difficulties  in  initiation  of  such  a 
system  on  an  operational  basis  will  be  discussed.  In 
this  way,  issues  will  be  surfaced  for  consideration. 

The  importance  of  innovative  leadership  in  a program 
to  implement  a global  information  system  (hopefully  on  the 
part  of  the  U.S.)  will  be  highlighted,  and  some  actions 
that  the  government  might  take,  both  in  Congress  and  in 
the  Executive  Branch,  will  be  suggested.  The  relation- 
ship of  U.S.  Government  activities  to  international 
Interests  and  to  industry  in  carrying  forward  such  a 
program  will  be  discussed.  The  need  to  stimulate  more 
private  sector  initiative  and  to  transfer  over  time  many 
responsibilities  from  government  to  commercial  interests 
will  be  highlighted. 


Lack  of  information  or  bad  information  haunts  us  in  almost  every  facet 
of  our  daily  lives.  Last  winter  a natural  gas  shortage  enveloped  the  eastern 
United  States.  Was  it  real  or  were  the  suppliers  holding  back?  What  are  the 
longer  term  prospects?  Apparently,  nobody  knows  for  sure,  and  as  a result, 
the  skeptical  public  lacks  the  motivation  for  individual  sacrifices.  A 
drought  exists  in  the  western  United  States.  It  is  bad  but  how  bad,  and  are 
the  scarce  water  resources  being  managed  efficiently  to  minimize  the  impact 
on  the  affected  citizenry? 

Most  of  us  here  know  that  in  many  areas  of  concern  about  resources  and 
the  environment,  the  technology  developed  in  the  space  program  and  other 
advanced  programs  can  be  applied  to  achieve  more  effective  gathering  and  use 
of  critical  data.  Why  is  this  not  being  pursued  more  aggressively?  I will 
attempt  to  deal  with  this  question,  and  I will  make  some  suggestions  as  to 
how  we  can  get  started  along  the  road  to  acquiring  and  applying  better  in- 
formation than  is  being  used  today. 

Although  satellite  observations  of  the  earth  already  have  proven  to,  be 
of  great  utility,  such  activities  have  mainly  been  experimental  in  nature. 

In  most  instances,  these  outstanding  capabilities  have  yet  to  be  put  together 
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ac;  a true  information  system.  The  word,  "system"  has  been  misapplied _ fre- 
quently to  efforts  much  too  immature  and  unsystematic. 

an  ordLly  way  of  getting  things  done.  Experimental  capabilities,  such  as 
?hose  which  hLe  blen  so  successful  using  Landsat  data,  now 
amalgamated  in  an  orderly  way  into  an  efficient  arrangement  for  p 

tional  use. 

Data  requirements  often  extend  to  whole  regions  of  the  country , as  in  the 
case  of  thl  Sf and  water  shortages  just  cited,  or  across  the  entire  country, 
a situation  Ipplying  to  our  generally  diminishing  known  mineral  resources. 

Indeed  with  the  highly  interactive  world  society  in  which  we  no\^ 
things ’(food  and  environmental  effects, 

a elobal  scale.  So  at  least  in  some  situations,  we  should  aspire  to  a global 
information  system,  and  in  many  others,  a system  covering  at  least  broad 
regions  of  the  world. 

Of  course  such  systems  might  start  smalland  where  ’"^cessary  become  larger; 
but  small  systems  cannot  be  made  efficiently  into  large  u 

SproLh  thit  maintains  an  orderly  way  of  or  eS^Stlof 

nf  uq  as  individuals  or  each  state  as  a part  of  this  country,  or  eacn  nation 

as  a part  of  the  world  community,  cannot  operate  in  a 

and  still  expect  to  achieve  this  necessary  order,  or  ^et  big  th  g 

done,  no  matter  how  strongly  or  wisely  we  pursue  ' the 

the  case  we  are  considering  here,  we  all  need  to 

demanding  necessity  for  a broad  information  base  for  decision  making. 

With  a recognition  of  this  broad  character  of  many  of  our  informational 
needs  what  ff^he  best  way  of  meeting  those  needs?  I have  already  strongly 
suggested  that  in  many  areas  involved  with  earth  resources  and  environmental 
this  b?o.d  infomatlo.  base  cab  ^a  aahaavad  ttaob|h  the 

j„t-a  gathered  by  satellites.  In  fact,  such  capabilities  have  been 
applied  in  an  operational  sense  by  placing  weather  satellites  in  synchronous 
orbit  to  provide  warning  of  severe  storms  and  tracking  of  major  weather 
llstlms  ^Dalrlrorothlr  weather  satellites  are  used  in  numerical  weather 
prediction  in  all  regions  of  the  world.  Nimbus  satellites  monitor  the  changes 
irthfule-JrotLtIng  ozone  layer  high  in  the  stratosphere.  And  Landsat  has 
surveyed  the^world's  land  surfaces  providing  data 

estimates  water  resources  management,  mineral  exploration,  land  use  evaiua 
tions,  coastal  zone  change  evaluations,  ^nd  map  updating  amongst  others^ 

Thpqp  and  satellites  such  as  SEASAT,  now  under  development,  can  provide  im 
portLrcovSaS  ol  the  air,  land  and  sea,  acquiring  ^ata  pertinent  to  many^ 
areas  of  resource  and  environmental  concern.  I cannot  possibly  do  justice  to 
Sese  ^Lmendoufclpabilities  in  the  time  allotted  to  me,  but  related  papers 
being  presented  at  this  symposium,  as  well  as  those  P| 

at  similar  symposia  and  in  papers  published  by  NASA,  P^^° 

fessional  societies,  can  supply  comprehensive  background  info,  ..ation. 

There  are  other  values  that  satellites  bring  to  broad  area  data  acquisi- 
tion Data  can  be  updated  rapidly  and  frequently,  and  are  relatively  easy  to 
understand  and  relatively  simple  to  integrate  into  gg^ed^i^^ 

use,  and  although  satellites  do  not  usually  produce 

paoh  use  area  other  data  sources  can  be  employed  to  augment,  while  taking 
tdvLtige  of  thf teoad  coverage  and  rapid  updating  characteristics  of  the 
satellite  It  is  for  these  reasons  that  satellites  seem  to  provide  an 
excellent  foundation  for  global  information  systems  dealing  with  earth  re- 
source and  environmental  factors. 

In  spite  of  the  obvious  strong  need  for  broad  area  inforaation  the  logic 
of  the  approach  just  outlined,  and  the  strong  support  for  this  class  _ 
satellite!  by  many  sectors  of  the  using  community,  the  progress  toward  opera 
tional  information  systems  of  this  kind  has  been  painfully  s . 
some  of  the  reasons  for  this  situation: 
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n reluctance  to  support  the  creation. 

First,  in  some  government  cxrcles  a r _ broadly  based  information 
of  such  systems  has  existed  because  xnth^^p^^^^  dominant  federal  government 
systems  have  been  characterized  by  aEricultural  reports.  With  this 

support,  for  example,  weather  inform  , taxpaying 

approach,  the  funding  ®slrs  of  the  Lrvice.  Although  this  approach 

public  rather  than  on  the  direct  users  ottne^^^ 

Second,  no  ll“lLo“ed'‘pIodSS6”ltrpoaltl^^  end 

area.  The  fact  that  many  agencies  are  in  “ stronelv  support  the  concept, 

SSf  co»pSSnf  lo^“fSI'.rSnS°Sl  aseSclie  tend  to  piece  ptlonity  on  ptosra.e 

known  to  be  included  in  their  own  charter. 

The  third  point  f*^^be  Spe  bei^^ considered  Sre'^aie  associated 

enterprise.  ^nf°tmation  systems  of  the  typ^  b ^^g^  ^ difficult  to 

with  a very  diverse  and  diffuse  set  o u _s  ^ ^ ^ ^ within  the  private 

aggregate,  a condition  which  tends  to  stitie  iniciaca- 

sector. 

These  three  conditions  Pt°^dce  a kind  of  ,^2®reLgnized'^and^oircumvented 
sr:;  nor?o"lnMhrt  m ISple^ntSlL  of  systec.  for  .hlch  there  is  snoh  . 
demanding  need  in  future  years . 

I feel  that  several  things 

or  alternatively  one  created,  to  ta  resources  information  based  on  Landsat 

phase  of  a global  system  to  Ptc^rde  |^rth  resources  ^ 

and  associated  tapabilitie  ^ sector  and  to  transfer  to  them  over  time  as 

developed  to  involve  the  priya  _ T-ponnnsibilities  for  financing, 

much  of  the  effort  as  prudent,  including  pTficienc-i es  and  responsiveness 
This  action  also  will  take  ifforts  So  a?  the  outset,  the 

that  generally  tbaracterize  free  ent^rp^^^  dominant  because  most  of 

responsibilities  of  the  feder  § ^ borne  by  the  government,  out  as  the 

the  early  financial  burden  Vfof  sIlLsupporting,  the  involvement 

system  evolves  to  one  To  help  assLe  thil  trend,  the  private 

of  the  private  sector  should  increa.  government  support 

sector  should  have  a activities  of  the  government  in  this 

where  necessary.  On  the  other  hand  the  activities  expanding 

area  will  never  cease  entirely.  Partly  because  ^ fo,-  a co^,_ 

use  of  the  data  by  federal  agencies  and  pa  y a^^  functions,  govern- 

tinuing  oversight  function,  however  | needed  support  rather  than 

ment  agencies  should,  ^here  practical  contract ^lor  ahould  avoid 

some  innovative  thinking  is  needed  on  this  subject. 

To  digress  from  this  line  ’nlfS 

as  to  why  Phis  .sys.tem,  with  Its  sM^^  an  agency,  of  the  United 

financed  and  operated  Uy  an  that  this  arrangement  would  be 

Nations,  for  example,  ^l^hough^many, might  fee^  organiza- 

appropriate  fto.  a SSSdhS  o"”SS  greatly  eo.p 

tion  and  financial  s^PP°^f  J^®Lhi|tuss  tentially  involved  each  with 

pounded  because  of  the  multitude  ® t^g^^tions  lead  to  the  conclusion 

its  own  interests  and  objectives.  p set  of  national 

that  the  system  should  bilateral  or  multilateral  or  international 

programs.  These  programs  thrgl  nations  and  the  international  com- 

agreements . should  hhe  ^.^tions  would  contribute  materially  to  the 

rifll“yKS  ioolSfdPPl”?^»  of  dare  aogulslflor  ey3fe«3. 
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A very  successful  precedent  exists  for  this  approach.  The  world  meteo- 
rological community  is  the  example.  Most  of  the  wc-ldwide  capabilities  have 
been  developed  as  national  programs,  but  the  World  Meteorological  Organisation, 
which  has  access  to  the  data,  formulates  its  own  programs  around  these  capa- 
bilities in  a way  which  efficiently  serves  the  international  community , For 
example,  the  United  States  has  developed  a series  of  synchronous  Meteorological 
Satellites  to  provide  storm  warning  and  other  services  to  its  environs.  These 
services  have  also  been  provided  to  other  parts  of  the  Western  Hemisphere  and 
these  satellites  have  also  played  an  important  role  in  major  WMO  programs. 
Shortly  Japan,  the  Soviet  Union,  and  western  Europe  will  be  joining  in  this 
operation  with  similar  satellites,  to  form  a continuous  observation  belt 
around  the  world.  Coordination  by  the  WMO  has  assured  that  the  data  formats 
of  all  these  satellites  will  be  common.  The  data  will  be  exchanged  and  used 
by  many  nations  in  major  TOIO  programs. 

Returning  now  to  a further  discussion  of  the  global  system  for  earth  re- 
sources information,  its  initial  configuration  and  its  evolution  might 
correspond  to  the  description  which  follows.  Although  a substantial  number  of 
satellite  types  and  other  data  sources  can  be  envisioned  as  comprising  the 
ultimate  version  of  this  global  information  system,  the  early  system  should 
probably  be  of  a simpler  form.  As  previously  implied,  a companion  system  al- 
ready exists  in  the  operations  of  the  National  Environmental  Satellite  Service 
of  NOAA  in  the  provision  of  weather  information.  However,  it  appears  to  me 
that  information  about  the  earth's  land  surfaces  should  be  the  primary  basis 
for  the  system,  for  land  is  where  most  human  activity  takes  place,  land  is 
where  most  of  our  resources  are  presently  found,  and  land  is  where  human  im- 
pact is  greatest  and  most  dynamic.  This  leads  to  the  conclusion  that  a system 
based  initially  on  Landsat  capabilities,  while  using  satellite  weather  data 
and  other  applicable  data,  is  a very  good  way  to  start.  The  extensive  uses 
of  Landsat  data  which  have  been  experimentally  verified  provide  strong  support 
to  this  position.  Of  all  these  uses,  the  areas  of  food,  water  and  mineral 
resources  might  be  the  primary  emphasis  areas  of  the  early  system. 

Remember,  that  with  proper  structuring,  other  capabilities  can  be  in- 
cluded by  building  on  this  initial  capability.  Hopefully,  data  will  be  ac- 
quired from  many  sources  by  all  appropriate  means.  With' this  idea  in  mind,  it 
is  easy  to  visualize  that  the  key  element  of  this  system  is  the  one  con- 
cerned with  the  function  of  data  product  production  and  distribution.  The 
retailer  of  the  data  would  proviae  products  on  demand  to  all  customers  at  fair 
prices.  The  outlet  or  outlets  would  probably  start  with  a standard  set  of  data 
products  but  might  also  stock  and  sell  appropriate  ancillary  data  (correlated 
weather  data,  for  example).  I personally  feel  that  this  function,  in  an 
operational  sense,  should  be  concerned  solely  with  the  provision  of  data 
packages  and  should  not  provide  information  extraction  services.  The  latter 
should  be  accomplished  by  the  customer  or  someone  the  customer  hires  for  this 
purpose.  Nevertheless,  the  data  production  and  dissemination  element  must 
have  a research  effort  pertaining  to  information  extraction,  in  order  to 
anticipate  and  be  responsive  to  the  particular  data  needs  of  the  various 
customers.  These  customers  could  request  various  formats,  packaging  or 
ancillary  features  as  required.  Such  requests  would  be  evaluated  as  to  possible 
existing  data  sources,  as  to  whether  new  data  should  be  obtained  and  whether  a 
new  data  acquisition  system  should  be  procured  and  the  cost  of  any  potential 
augmentation.  New  data  sources  in  the  experimental  stage  or  just  coming  on 
line  (for  example,  Seasat)  would  be  evaluated  for  applicability.-  In  this  way, 
the  product  line  could  be  expanded  as  the  need  arises  and  as  the  capabilities 
become  available  but  only  when  warranted  considering  value  versus,  cost.  In 
Order  to  maintain  the  activity  at  a scope  commensurate  with  effective  manage- 
ment, certain  restrictions  on  the  effort  would  appear  prudent.  As  already 
stated,  the  effort  would  be  limited  to  earth  resources  Information.  Possibly 
it  also  should  be  limited  to  areas  where  satellite  data  plays  a dominant  role. 
Such  guidelines  can  be  established  at  the  outset  of  the  implementation  activity. 
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I am  sure  the  scenax'io  just  described  sounds  to  many  of  you  very  much  like 
what  is  taking  place  today,  Landsat  satellites  are  flying  and  acquiring  data 
every  day.  This  data  is  being  processed,  reproduced  and  distributed  to  con- 
sumers, many  of  whom  are  involved  in  information  extraction  activities;  how- 
ever, these  activities  are  mainly  experimental  in  nature  and  it  cannot  be 
otherwise  until  certain  changes  are  made.  A number  of  important  differences 
exist  between  an  experimental  and  an  operational  system,  which  must  be  re- 
cognized. Most  importantly,  once  committed  to  an  operational  mode,  reason- 
able assurance  of  continued  availability  of  the  data  is  an  absolute  necessity. 
This  particular  consideration  involves  a number  of  factors. 

First,  the  data  service  cannot  "dry  up"  as  a result  of  equipment  failures. 
Therefore,  adequate  backup  or  redundancy  of  ground  and  satellite  equipment  is 
necessary.  In  this  context  the  new  Landsat  D initiative  of  NASA,  for  ex.ample 
cannot  be  regarded  as  a significant  step  toward  an  operational  system,  for  even 
though  a single  backup  has  now  been  included,  this  capability  does  not  provide 
adequate  assurance  of  continuity  of  the  service. 

Second,  in  an  operational  system,  changes  substituting  improved  equipment 
can  be  made  only  after  such  equipment  has  been  fully  demonstrated  as  to  its 
overall  servicahility , and  then  only  after  the  customers  are  in  a position  to 
use  the  new  capability.  Again  using  Landsat  D as  an  example,  the  elimination 
of  the  current  Landsat  instrument,  the  Multi-Spectral  Scanner,  from  the  pay- 
load  places  the  satellite  strictly  in  an  experimental  category,  for  the  new 
instrument,  the  Thematic  Mapper,  is  untested  and  no  customer  has  yet  had 
experience  with  its  data. 

Third,  the  overall  system  must  have  a response  time  compatible  with  user 
needs.  No  real  good  comes  from  providing  operational  data  at  one-month 
intervals  if  the  users  require  receipt  at  one-week  intervals.  Along  the  same 
line,  if  a user  needs  data  within  one  week  after  acquisition,  it  cannot  bo 
delayed  by  one  month  in  the  processing.  Improvements  in  the  timing  of  Landsat 
data  availability  are  feasible  and  are  definitely  needed  for  an  operational 
sys  tern. 

Finally,  the  institutional  arrangements  for  the  support  of  an  operational 
system  have  not  been  clarified.  One  other  feature  of  many  operational  systems 
must  also  be  emphasized.  A practical  degree  of  "pay  as  you  go"  is  highly 
desirable  in  the  long  term.  The  planning  should  provide  concrete  evidence 
that  this  is  an  objective. 

Returning  to  the  Landsat  D question  for  a moment,  1 am  not  critical  of 
it  at  all  as  a fine  new  experimental  spacecraft.  The  Landsat  program  is  in  an 
early  stage  of  evolution  and  major  improvements  can  be  expected  over  the  next 
several  decades,  hut  a truly  operational  capability  could  have  been  incorporated 
with  great  facility  right  along  with  the  experimental  capability,  and  this 
should  still  be  done.  I think  most  of  the  people  directly  involved  with  the 
program  feel  as  I do;  however,  both  government  and  industry  personnel  must  avoi 
getting  so  enthralled  with  the  new  developments  that  the  real  purpose  of  Landsa 
is  lost.  That  is,  to  serve  as  the  foundation  of  an  operational  information 
system  which  will  help  eliminate  lack  of  information  pi'oblems  so  prevalent  in 
today's  world  and  to  contribute  in  a major  way  to  solutions  to  some  of  our 
difficult  earth  resources  and  environmental  problems. 

In  concluding  these  remarks,  I wish  to  emphasize  that  space  is  not  just  a 
place  for  scientific  investigation  and  exploration,  important  as  these 
activities  may  be.  Space  systems  have  already  demonstrated  great  ability  to 
directly  enhance  the  well-being  of  all  the  people  here  on  earth.  We  know  this 
to  be  true  in  the  areas  of  satellite  communications,  weather  prediction  and 
storm  warning  because  highly  effective  systems  are  now  operating  worldwide. 
Similar  contributions  can  be  achieved  in  the  areas  of  concern  which  pertain  to 
earth  resources  and  environmental  effects.  Let  us  all  get  on  with  the  job  of 
making  it  happen. 
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I would  like  to  endorse  what  the  earlier  speaker  said  about  space  not 
s:i.n5)ly  being  a scientific  playground.  At  the  risk  of  being  critical,  I would 
like  to  share  some  thoughts  about  what  a political-bureaucratic  beastie  like 
me  sees  when  he  comes  to  talk  to  technical  beastles  like  yourselves. 

I know  your  mother  told  you  not  to  consort  with  us  political  and  bureau- 
cratic  types,  but  bear  with  me  for  a few  moments  because  I do  believe  we  have 
something  in  common.  Because  what  I have  been  engaged  in  for  the  past  year  has 
been  basically | the  creation  of  a market  for  what  you  people  are  all  about.  And 
to  reiterate  what  I said  a moment  ago,  it  is  important  in  the  creation  of  that 
market  that  space  not  simply  be  a place  for  scientific  endeavor.  You  must  find 
a way  to  tell  the-  rest  of  the  world  what  it  is  you  are  doing  and  answer  that 
famous  question,  "So  what?  . 

,,  , When  there  i$  a scientific  experiment  and  the  layman  comes  in  and  asks 
what  are  you  doipg?  you  must  tall  him  more  than  the  humas  is  doing  guzziwhat 
because  he  doesn  t know  what  a humas  is  and  doesn't  care  about  a guzziwhat 
He  does  care  if  it  grows  more  food.  He  does  care,  in  particular,  if  it  allows 
him  to  be  elected  next  year.  He  does  care  if  it  means  more  slots  in  his  parti- 
cular office.  And  I urge  you,  despite  the  fact  that  you  consider  those  unclean 
bowls^'^^ ' bast  engage  in  them  because  that  is  how  we  put  rice  in  your 

It  was  about  two  years  ago  that  the  administrator  of  AID  decided  that  I had 
harassed  the  international  oil  industry  sufficiently  over  at  the  Federal  Energy 
Administration  and  told  me  to  come  back.  He  said  look  over  what  we  in  AID  have 
been  doing  in  our  space  efforts  here.  We  were  the  pioneers,  we  were  in  the 
business  of  supporting  remote  sensing  way  back  in  1970  already.  Why  is  it  that 
It  hasn  t gotten  any  farther  in  the  LDCs  than  it  has? 

I 

We  in  AID  are  primarily  interested  in  how  do  you  get  to  that  huge  body  of 
potential  users  called  the  developing  countries.  After  all,  to  those  of  us  who 
are  students  of  remote  sensing  it  is  self-evident  that  it  is  more  valuable  in 
those  countries  than  in  the  developed  countries  because  it  does  things  for  which 
substitute.  We  were  curious,  why  is  it  we  haven't  gotten  farther 

with  this? 

1 economist  by  training.  We  think  of  the  problems  in  terms  of 

marxets.  That  means  you  must  have  many  buyers  and  sellers.  You  must  have 
relative  ease  of  access,  and  you  must  have  a free  flow  of  information.  Well, 
we  didn  t have  the  many  buyers  and  sellers  that  are  needed  in  order  to  give  you 
the  kind  of  constituency  you  must  have  if  you  are  going  to  have  an  operational 
Landsat  program.  The  reason  we  didn't  and  don't  have  that  is  because  access  to 
your  discipline  for  the  people  in  the  developing  countries  is  difficult.  More 
important,  you  do  not  have  the  critical  mass  of  users  because  there  is  very 
little  information  of  a practical  sort  available  in  a form  that  it  can  be  used 
politically  when  one  goes  to  the  Bureau  of  the  Budget  and  says,  "give  me  money" 
No  mtter  how  virtuous  you  are,  if  you  can't  do  that  you  are  not  going  to  do 
anything,  you  are  going  to  get  shot  down.  Well,  that  was  a very  interesting 
proDiem.  How  do  you  go  about  solving  it. 
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We  had  a serendipitous  occurrence.  NASA's  ATS  six  communication  satellite 
was  being  moved  from  its  station  over  Africa  to  a new  station  over  the  Pacific. 
The  Administrator  asked  me  to  investigate  the  possibility  of  using  the  satellite 
for  demonstrations  in  LDCs . The  reply  was,  yes  if  we  move  very  fast.  We 
decided  to  do  a series  of  demonstrations  which  would  create  the  beginnings  of  a 
"market"  in  the  developing  countries  which  in  turn  would  allow  for  accelerated 
applications  of  space  technology.  That  condition  in  turn  should  expand  the 
constituency  in  the  United  States  and  elsewhere  for  an  operational  Landsat 
system.  Fundamentally  that  is  what  our  program  called  AIDSAT , AID  Space  Age 
Technologies,  was  all  about  (as  it  pertains  to  remote  sensing). 


j What  do  you  have  to  do  if  you  want  to  accelerate  the  use  of  these 
technologies?  First,  and  foremost,  you  must  start  talking  to  a different 
audience.  You  might  start  talking  to  the  political  and  decision-making 
communities  of  the  developing  countries,  because  they,  like  the  communities 
in  jour  own  country,  are  unaware  of  what  a huzza  is  and  don't  care  about  a hoza- 
what.  You  must  articulate  in  political  terms  to  decision  makers  what  it  is 
yoik  are  doing,  and  thereby  make  the  technical  people  respectable  when  they  come 
in j and  place  demands  on  scarce  resources.  You  must  get  their  attention  and  show 
them  the  state-of-the-art. 


on 


We  set  out  to  do  this  with  the  AIDSAT  program.  We  decided  that  we  would  put 
a series  of  demonstrations  of  applications  of  space  technologies  in  developing 


countries,  in  as  many  places  as  we  could.  We  settled  on  27  countries  plus  a 
conference  on  science  and  technology  applications  (CASTARAB)  for  ministers  from 
all  of  the  Arab  states.  That  was  a real  stroke  of  luck;  they  happened  to  be  in 
Rabat  when  we  were  there  and  we  put  on  the  demonstration  for  them  as  well. 

Three  films  were  made  from  concept  to  completion  in  four  languages  in  73 
days.  If  you  have  ever  made  a film  and  shot  it  on  four  continents  you  know  what 
kind  of  a time  schedule  that  was.  One  of  those  films  is  going  to  be  shown  today, 
"Images  of  Life".  That  film,  by  the  way,  has  won  two  gold  medals  and  a bronze 
medal.  It  is  not  designed  to  tell  you,  in  the  technical  community  anything. 

You  know  everything  that  is  in  that  show.  It  is  an  example,  however,  of  how 
you  get  through  to  the  decision  makers  on  a technical  subject.  It  gives  them  an 
idea  of  what  it  is  you  people  are  all  about  an;d  suggests  to  them  that  remote 
sensing  might  even  be  a respectable  thing  to.  sp^nd  some  money  on.  There  are  two 
companion  films,  one  on  communications  applications  in  developing  countries, 

"it  One  Today,  Two  Tomorrow",  and  "Survival",  which  is  on  disaster  prediction 
assessment  and  relief. 


of 
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These  films  are  available  for  showing  on  request  from  AID  for  short  periods 
time.  Those  from,  other  countries  should  contact  the  U.S.  Information  Agency 
their  capital.  The  film.s  are  available  in  English,  French,  Spanish  and  Arabic. 


Well,  what  do  you  do  beyond  simply  making  films  and  showing  a program?  You 
need  a "grabber",  because  you  are  after  the  front  office  of  these  countries. 

You  want  the  decision  makers  as  I said  before;  so  we  asked  President  Ford  to  film 
ani  introduction  to  the  program.  He  consented,  and  incorporated  with  it  a 
bicentennial  greeting. 

In  terms  of  hardware,  we  had  three  complete  sets  of  transmit  and  receive 
equipment  for  the  ATS  6 communications  satellite  to  do  live  color  broadcjasts 
td  and  from  the  capitals  of  these  countries  as  well  as  two  to  three  remote  areas 
id  the  host  country.  A DC-8  stretch;  leap-frogged  the  equipment  sets  one  over 
trie  other.  Trie  extreme  simplicity,  low  cost,  and  transportability  of  the  ATS  6 
grjound  terminals  and  associated  equipment  was  thus  dramatized. 

We  had  a two  hour  and  fifteen  minute  show  in  each  country.  It  began  with  an 
astronaut,  live,  introducing  the  President,  who  then  gave  the  greeting  and  the _ 
introduction.  This  was  reciprocated  by  the  chief-of-state  in  15  of  the  countries 
and  by  various  senior  people  in  the  rest.  The  astronaut  then  did  live  bridges 
among  trie  three  movies.  Thereafter  the  program  then  went  into  a. discussion  by 
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a panel,  (usually  ministerial  level  in  the  host  countries)  of  the  applications 
of  space  technologies  to  their  development  problems.  Finally,  there  was  the  gra 
slam’  live  two-way  color  video  between  Goddard  Space  Flight  Center  in  Greenbelt, 
M^iand  an“?he  Luntry  where  we  were.  A panel  in  the  U.S.  answered  questions 
of  the  panel  in  the  host  coxmtry.  That  was  it. 

' We  also  learned  quite  a few  things.  I was  told  that  space  had  a ! 

number  of  political  problems  which  were  so  profound  and  so  distrubing  to  the 
governments  of  all  of  these  countries,  that  we  would  probably  not  be  welcome 
anywhere.  The  fact  that  we  were  using  something  that  could  be  called  a direc 
broadcast  satellite  was  the  equivalent  of  living  in  sin.  The  unauthorizea 
overflight  issue  on  Landsat,  which  is  a great  source  of  heat  if  not  light  ...n 
certain  debating  circles,  was  another  problem  which  I was  told  would  stand  in 
the  way  of  country  acceptance  of  the  AIDSAT  demonstration. 

In  fact,  no  one  in  any  of  those  countries  raised  those  questions.  Not  one. 

, After  all,  we  had  the  real  item,  we  had  a real  and  serious  commitment,  we 
had  some  things  that  people  could  really  use.  And  when  you  do  that,  the  philoso- 
phers are  invited  into  the  next  room  for  cigars  and  brandy  and  a different  S^oup 
of  citizens  appears.  And  they  are  not  really  terribly 

those  matters.  I am  not  saying  that  direct  broadcast  and  satellite  overflight 
are  not  real  issues,  nor  am  I saying  that  they  f^ould  not  be  resolved  But  I 
am  saying  that  we  should  not  allow  a theoretical  political  debate  to  inhibit 
us  in  the  applications  of  these  technologies. 

I What  did  we  find?  First  of  all,  we  found  what  we  expected;  most  people 
really  didn't  have  the  foggiest  idea  of  what  all  of  this  was  about.  In  that 
regard  people  in  developing  countries  are  not  much  different  from  people  in  ' 

the  U.S.  After  all,  people  in  this  country  haven  t had  an  opportunity  to  really 
see  in  the  very  practical  simple  sense  what  it  is  that  the  space  community  is 
doing  either.  There  was  great  amazement  at  the  simplicity  of  some  or  the 
applications;  great  amazement  of  how  cheap  some  of  the  applications  were,  and 
finally,  a good  deal  of  positive  surprise  that  there  was  willingness 

on  the  part  of  the  United  States  to  make  this  resource  available. 

Other  things  that  we  found;  We  found  that  the  information  systems  on  remote 
sensing  experiments  which  the  earlier  speaker  mentioned  is  just  plain  awtui; 
that  ii  the  only  way  to  describe  it.  The  best  way  to  find  out  how  bad  the 
iniformation  system  is  on  applications  in  developing  countries  is  to  go  out  and  make 
a inovie  on  the  subject.  You  will  find  yourself  chartering  helicopters  to  photo- 
graph nothing.  There  are  experiments  on  the  books  that  have  never  occurred, 
and^there  are  experiments  that  have  occurred  that  are  not  on  the  books.  And^ 
if  you  go  out  you  will  find  large  numbers  of  people  patiently  reinventing  the 
wheel  simultaneously.  That  is  an  enormous  waste  of  time  and  energy. 

^ I would  urge  that  this  community  begin  thinking  very  carefully  about  the 
genuine  need  to  establish  an  effective,  simple  remote  sensing  information 
system  for  the  developing  countries  as  well  as  the  more  sophisticated  procedures 
that  you  are  using  here.  It  is  very,  very  important  if  your  resource,  that 
personally  consider  to  be  valuable,  is  not  to  be  squandered  in  the  developing 
countries.  It  is  very  important  if  you  are  to  expand  the  community  of  users, 
and  thereby  expand  the  rationale  for  an  operational  Landsatsystem.  And  I 
point  out  to  you  once  again,  an  operational  Landsat  system  is  a political 
problem,  it  is  not  a technical  problem  and  it  is  not  an  economic  problem, 
always  chuckle  when  people  tell  me  there  is  no  money  in  the  budget.  Nonsense. 

How  on  earth  can  you  have  no  money  in  a budget  of  440  billion  dollars.  I 
irc?Lron  the  fkce  of  it.  What  people  are  telling  you  is  that  you  have  no 
priority.  And  the  reason  you  have  no  priority  in  all  that 

IS  because  you  haven't  told  anyone  why  you  should  have  a priority.  That  task, 
requires  irn^diate  attention.  An  integral  part  of  that  effort  is  making  the^ 
remote  sensing  community  in  LDCs  more  efficient  by  developing  the  simple  infor- 
mation system  that  allows  them  to  benefit  from  one  another  s experience  and 
to  communicate  with  one  another  in  an  effective  manner. 


thought,  --  the  governments,  --  the  decision  makers 
in- these  countries  to  the  point  where  our  reauests  frvr  ^ matcers 

sensing  and  in  communications  have  increased^ten-fold  Thpof  k"  remote 

Inithe  developing  "L«Jlerfo?  ™otf sennne*®“h?Liri“SCw°L'$our”S“ 
T firino-a”*  pleased  that  this  symposium  is  going  to  Manila  next  vear 

Snui^vnn?  to  expand  that  constituLc?.  Let  me  urge  JSu  Jo  con- 

ness  saxes  don  t let  your  budget  drive  your  dreams.  Thank  you  very  much. 


:.. 

■ 

i... 

f : ..  J . .; 

N78-14481 


THE  PRESENT  STATUS  OF  REMOTE  SENSING  IN  THE  UNITED  NATIONS  (April  8,  1977) 

j Eilene  Galloway 

I Vice  President 

International  Institute  of  SpaceLaw 
of  the 

International  Astronautieal  Federation 


I.  INTRODUCTION 

Problems  arising  from  remote  sensing  of  the  earth  by  satellites  have  been  the  subject  of 
indepth  research  and  analysis  by  the  United  Nations.  Every  aspect  of  this  multidisciplinary 
subject  has  been  explored  in  more  than  100  reports  and  papers  published  as  UN  documents  dealing 
with  all  the  implications  of  remote  sensing:  scientific,  technological,  institutional,  poli- 

tical, economic,  cultural,  and  legal.  National,  regional  and  international  situations  have  been 
analyzed,  and  the  General  Assembly  has  passed  resolutions  requesting  that  the  Committee  on  the 
Peaceful  Uses  of  Outer  Space  give  a high  priority  to  remote  sensing.  The  identification  and 
analysis  of  issues  has  been  going  on  for  several  years,  the  objective  being  international 
agreement  on  general  principles  to  guide  nations  in  the  conduct  of  their  remote  sensing  acti- 
vities.! 

II.  UN  ORGANIZATIONS  CONSIDERING  REMOTE  SENSING  OF  THE  EARTH  BY  SATELLITE 

The  UN  Committee  on  the  Peaceful  Uses  of  Outer  Space  has  two  subcommittees:  the  Scientific 

and  Technical  and  the  Legal  Subcommittee.  All  three  bodies  are  composed  of  the  same  membership 
which  is  representative  of  37  nations.  Each  year  the  subcommittees  meet  separately  and  send 
their  reports  to  the  parent  Committee  whose  final  action  is  an  annual  report  to  the  General 
Assembly.  An  effort  is  made  to  coordinate  the  work  of  the  two  subcommittees  because  of  the 
interaction  between  their  findings  and  recommendations.  The  Outer  Space  Affairs  Division  serves 
the  Committee  and  publishes  research  reports  on  space  problems.  When  the  General  Assembly  re- 
ceives the  Committee  report,  a resolution  may  be  passed  giving  directions  for  future  work.  The 
resolutions  may  embody  the  agreed  text  of  a draft  treaty  to  be  recommended  to  States  for  ratifi- 
cation. 

The  subcommittees,  particularly  the  Legal  Subcommittee,  have  adopted  the  practice  of  estab- 
lishing Working  Groups  on  specific  problsms,  and  occasionally  the  working  groups  create  mini- 
working groups  to  deal  with  especially  knotty  problems  with  a view  toward  achieving  agreement 
among  the  members. 

III.  METHOD  OF  WORK 

From  the_ti.rae  the  Committee  on  the  Peaceful  Uses  of  Outer  Space  was  established,  it  has 
been  the  practice  to  conduct  its  work  in  such  a Way  as  to  reach  agreement  without  the  need  for 
voting. 2 This'  method,  which  also  applies  to  the  two  subcommittees,  requires  the  formation  of 
a consensus  among  all  members  in  order  to  reach  agreement.  Any  one  nation  can  prevent  agree- 
ment by  its  sole  opposition- 

This  method  has  proved  to  be  remarkably  successful  as  demonstrated  by  its  use  in  formula- 
ting four  space  treaties  which  are  now  in  force:  (1)  the  Treaty  on  Principles  Governing  the 


^ Space  Activities  and  Resources.  A review  of  the  activities  and  resources  of  the  United 
Nations,  of  its  specialized  agencies  and  of  other  competent  international  bodies  relating 
to  the  peaceful  uses  of  outer  space.  United  Nations,  New  York,  1977.  United  Nations 
document  A/ AC. 105/ 193.  251  p. 

^International  Cooperation  and  Organization  for  Outer  Space.  Senate  Committee  on  Aeronau- 
tical and  Space  Sciences.  89th  Congress,  1st  session.  Senate  document  No.  56,  Aug- 
ust 12,  1965.  580  p.  See  the  sections  of  the  document  on  the  history  of  the  UN  Committee 
on  the  Peaceful  Uses  of  Outer  Space;  see  also  the  list  of  UN  resolutions. 
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Activities  of  States  in  the  Exploration  and  Use  of  Outer  Space,  Including  the  Moon  and  Other 
Celestial  Bodies,  October  10,  1967;  (2)  the  Agreement  on  the  Rescue  of  Astronauts,  the  Return 
of  Astronauts  and  the  Return  of  Objects  Launched  into  Outer  Space,  December  3,  1968;  (3)  the 
Convention  on  International  Liability  for  Damage  Caused  by  Space  Objects,  October  9,  1973;  and 
(4)  the  Convention  on  Registration  of  Objects  Launched  into  Outer  Space,  September  15,  1976.3 


Achieving  a consensus  takes  time  but  results  in  a firm  foundation  for  international  space 
law.  A consensus  can  be  achieved  more  quickly  if  an  issue  is  presented  with  sufficient  margin 
onj  either  side  to  permit  negotiation  and  a narrowing  of  different  points  of  view  concerning 
proposals  for  solving  problems.  If  an  issue  is  introduced  in  irreconcilable  terms,  however, 

1tl  is  difficult  and  time-consuming  to  reach  agreement.  Decisions  by  voting  might  appear  to  be 
quicker  in  certain  circumstances,  but  would  not  be  a method  which  could  solve  irreconcilable 
positions  because  nations  with  active  and  expanding  space  science  and  technology  programs 
would  not  agree  to  their  national  programs  being  curtailed  or  eliminated  by  decisions  of  other 
countries.  There  is  a growing  number  of  nations  engaged  in  space  applications  beneficial  to  all 
countries  and  they  have  been  abiding  by  the  1967  Treaty  op  Outer  Space  which  provides  that 
"Outer  space,  including  the  moon  and  other  celestial  bodies,  shaTT  be  free  for  exploration  and 
use  by  all  States  without  discrimination  of  any  kind,  on  a basis  of  equality  and  in  accordance 
wijth  international  law,  and  there  shall  be  free  access  to  all  areas  of  celestial  bodies." 
(Article  I,  paragraph  2.) 


Another  feature  of  the  method  of  work  of  the  subcommittees  is  that  representatives  seek, 
ln|  connection  with  remote  sensing  principles,  to  find  "common  elements"  on  which  they  can 
easily  agree,  and  then  translate  these  eventually  into  "principles".  This  is  not  necessarily 
th^e  negotiating  process  for  all  principles,  but  it  is  often  used  for  difficult  problems.  When 
a principle  is  identified,  it  may  then  be  subject  to  differing  points  of  view  and  these  are 
indicated  by  square  brackets  around  the  words  in  question.  The  identification  of  a principle, 
even  when  it  includes  square-bracketed  phrases,  is  valuable  to  the  negotiating  process  of 
consensus’  because  hot  Only  is  the  subject  set  forth  in  a clear  manner,  but  also  the  areas  of 
agreement  and  disagreement  are  clearly  identified.  On  such  a basis  it  is  easy  to  determine 
exactly  where  more  discussion  must  take  place  before  consensus  can  be  reached. 


IV.  SUBCOMMITTEE  SESSIONS  IN  1977 


I The  purpose  of  this  report  is  to  explain  the  results  of  the  work  of  the  two  subcommittees 
on  remote  sensing  of  the  earth  by  satellites  during  their  1977  sessions.  The  Scientific  and 
Technical  Subcommittee  met  at  United  Nations  headquarters  in  New  York  from  February  14  to  25, 
1977.  The  Legal  Subcommittee  also  met  at  the  United  Nations  from  March  14  to  April  8,  1977. 
The  reports  of  these  subcommittees  will  be  considered  by  the  full  Committee  on  the  Peaceful 
Uses  of  Outer  Space  when  it  holds  its  20th  session  in  Vienna  in  June  1977. 

V.  SCIENTIFIC  AND  TECHNICAL  SUBCOMMITTEE  (FOURTEENTH  SESSION) 

The  Subcommittee  had  available  36  documents  on  various  aspects  of  its  work,  many  of  them 
concerned  with  remote  sensing.  Questions  relating  to  remote  sensing  were  given  first  priority 
and  the  Secretary-General  had  submitted  four  studies  pertinent  to  this  work:^ 

1.  Feasibility  study  on  a possible  coordinating  function  for  the 
United  Nations  in  future  operational  activities  in  remote 
sensing  frob)  sa tell ites:;  revised  concept  ( A/ AC.  105/ 154/ Add.  1 
and  Corr.  1-3); 


^SpaCe  Law:  Selected  Basic  Documents.  Senate  Committee  on  Aeronautical  and  Space  Sciences. 
94th  Congress,  2d  session.  Committee  print.  December  30,  1976.  464  p.  (This  committee 
has  been  transferred  to  the  new  Senate  Committee  on  Commerce,  Science  and  Transportation 
where  the  functions  are  performed  by  the  Subcommittee  on  Science,  Technology  and  Space.) 

^Report  of  the  Scientific  and  Technical  Subcommittee  on  the  Work  of  its  Fourteenth  Session. 
UN  Committee  on  the  Peaceful  Uses  of  Outer  Space.  March!,  1977.  A/AC. 105/195.  p.  7. 
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remotely  sensed  data  to  all  interested  States  and  that  to  this  end  the  Soviet  Union  was  pre- 
pared  to  cooperate  with  interested  States  bilaterally  or  multi  laterally  in  carrying  out  remote 
sensing  of  their  territories  from  space  and  providing  them  all  the  data  obtained,  including 
photographic  material  with  spatial  resolution  of  50  metres  and  finer. The  Subcommittee 
concluded  that  remote  sensing  systems  would  become  operational.  In  fact,  it  is  upon  this 
assumption  that  intensive  research  and  analysis  is  being  conducted  within  the  framework  of 
the  United  Nations. 

Success  of  the  LANDSAT  data  and  information  and  its  worldwide  use  resulted  in  the  develop- 
ment of  the  ground  segment  with  receiving  stations  established  in  Brazil,  Canada,  Italy,  the 
United  States  and  others  planned  in  Argentina,  Chile,  and  Iran.  Japan,  Sweden,  Upper  Volta, 
arid  Zaire  are  considering  establishment  of  such  a station.  The  Subcommittee  emphasized  the 
importance  of  regional  collaboration  and  called  on  nations  to  examine  the  feasibility  of 
establishing  their  stations  on  a regional  basis. 

I It  was  pointed  out  that  several  nations,  specialized  agencies  and  international  organ! za- 
t-jons  had  cooperative  programs  with  the  UN  for  education  and  training  facilities.  A comprehen- 
sive list  was  available  for  training  facilities  and  courses  in  remote  sensing  for  participants 
from  developing  countries. 9 

Finally,  the  coordinating  role  of  the  United  States  was  recognized  in  training  and  techni- 
cal assistance.  The  UN  role  in  education,  exchange  of  information,  and  informing  nations  about 
remote  sensing  activities  develops  through  the  Committee  on  the  Peaceful  Uses  of  Outer  Space, 
its  subcommittees,  the  Outer  Space  Affairs  Division  and  the  specialized  agencies.  10 

The  Subcommittee  recommended  that  the  Food  and  Agriculture  Organization  strengthen  its 
center  in  the  field  of  renewable  resources  and  also  that  a center  be  established  in  CNRET  for 
non-agricultural  resources  with  four  suggested  main  functions; 

1,  To  catalogue,  store,  and  interpret  remote  sensing  data,  pro- 
viding facilities  for  examination  by  interested  parties; 

2,  - To  circulate  available  information  and  to  direct  requests  by 

countries  for  remote  sensing  data  to  proper  sources; 

3<  To  provide  impartial  advice  and  assistance  to  technical 

assistance  projects.  Member  States  and  United  Nations  bodies; 

4.  To  organize  specialized  training  courses  for  users,  managers 
and  decision  makers. 

Some  thought  was  also  given  to  the  idea  of  setting  up  a third  center  in  a developing  country 
if  one  should  be  needed,  although  this  action  would  require  feasibility  and  cost  benefit  studies. 

VI.  LEGAL  SUBCOMMITTEE  (16th  SESSION)!! 

I When  the  Legal  Subcommittee  adjourned  on  April  8,  1977,  the  results  of  its  Working  Group 
III  on  Remote  Sensing  consisted  of  eleven  draft  principles  and,  tentatively,  the  possibility 
of  an  additional  principle.  The  eleven  principles  with  their  square  brackets  indicate  the 
issues  which  have  been  under  discussion,  the  degree  of  consensus  and  the  areas  of  disagreement. 

If  the  practice  followed  in  previous  years  is  again  adopted,  it  is  likely  that  the  parent 
Committee's  report,  following  its  June  1977  session  in  Vienna,  will  contain  the  principles 


^Ibid. , p.  12,  13. 

®UN  document  A/AC. 105/1 91. 

^^Report  of  the  Scientific  and  Technical  Subcomnittee,  op  cit. . p.  16. 

^^Report  of  the  Leoal  Subcommittee  on  the  Work  of  its  Sixteenth  Session  March  14  to 
April  8,  1977.  Committee  on  the  Peaceful  Uses  of  Outer  Space.  A/ AC.  105/1 96.  April  lU 
1977.  (The  author  was  appointed  Observer  by  the  International  Astronautical  Federation 
to  represent  the  lAF  and  attended  the  16th  session.) 
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drafted  by  the  Legal  Subcommittee,  although  this  presumption  should  be  checked  after  the 
Con»intt|e  s report  is  published.  Between  now  and  1978,  we  can  assume  that  the  basis  for  inter- 
national consideration  of  remote  sensing  of  the  earth  by  satellites  will  include  the  following 
draft  texts,  «ach  nf  winch  is  briefly  commented  upon.]2  , ^ 

Draft  Texts  of  Principles  on  Remote  Sensing  of  the  Earth  by  Satellites 
Principle  I 

Remote  sensing  of  [the  natural  resources  of  the  earth]  [and  its  environ- 
ment] from  outer  space  and  international  cooperation  in  that  field  [shall] 

[should]  be  carried  out  for  the  benefit  and  in  the  interests  of  all  coun- 
[mankind],  irrespective  of  their  degree  of  economic  or  scientific 
development,  and  taking  into  consideration,  in  international  cooperation, 
the  Particular  needs  of  the  developing  countries. 

: This  principle  is  in  conformity  with  the  1967  Treaty  on  Outer  Space.  The  issues  are 

whether  or  not  international  space  law  should  apply  to  remote  sensing  on  a voluntary  or  com- 
pul sory  basis;  whether  remote  sensing  should  be  considered  to  apply  to  natural  resources  of 
the  earth  or  to  natural  resources  and  also  the  earth's  environment  or  perhaps  to  some  addi- 
tional  objects  sensed  with  finer  resolution.  Another  issue  is  whether  remote  sensing  (after 
It  IS  defined  and/or  delimited)  should  apply  to  nations  or  to  all  peoples. 

Principle  III 

Remote  sensing  of  [the  natural  resources  of  the  earth]  [and  its  environ- 
ment] from  outer  space  [shall]  [should]  be  conducted  in  accordance  with 
international  law,  including  the  Charter  of  the  United  Nations  and  the 
Treaty  on  Principles  Governing  the  Activities  of  States  in  the  Explora- 
tion and  Use  of  Outer  Space,  including  the  Moon  and  other  Celestial 
Bodies. 


This  principle  contains  some  of  the  same  issues  as  those  discussed  in  the  comments  on 
Principle  I On  the  agreed  text,  that  is  the  text  not  in  brackets,  the  principle  is  in  con- 
formity with  other  space  treaties  already  in  force. 

Principle  III 

1.  j States  carrying  out  programs  for  remote  sensing  of  [the  natural 
resources  of  the  earth]  [and  its  environment]  from  outer  space  [should] 

[shall j promote  international  cooperation  in  these  programs.  To  this 
end,  sensing  States  [should]  [shall]  make  available  to  other  States 
opportunities  for  participation  in  these  programs.  Such  participation 
Should  be  based  in  each  case  on  equitable  and  mutually  acceptable  terms 
due  regard  being  paid  to  elements... 

2.  In  order  to  maximize  the  availability  of  benefits  from  such  remote 
sensing  data.  States  are  encouraged  to  consider  agreements  for  the 
establishment  of  shared  regional  facilities. 


indicate  the  necessity  of  coming  to  agreement  on  exactly  what 
iwtprnaHlnaii?  ^ se^sihg;  that  IS,  precisely  what  is  to  be  regulated  or  controlled 

whether  the  problems  are  to  be  met  by  mandatory  or  voluntary  responses. 
Imnramr having  opportunities  to  participate  in  remote  sensing 
Ttie^  All  should  appeal  to  nations  which  do  not  have  remote-sensing  capLil- 

itles.,;  All  the  elements  have  not  been  set  forth,  but  there  is  agreement  that  States  shmilri 
come  to  mutTOTly- agreeable  terms  and  that  matters  be  handled  wi?heS5.  There  ifreS 
recognition  of  the  desirability  for  regional  remote  sensing  facilities  and  thirreprefents  an 
advance  over  the  first  discussions  which  took  place  several  years  agO. 


"12 


Ibid. 
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Principle  IV 

Remote  sensing  [of  the  natural  resources  of  the  earth]  [and  its  environ- 
ment] from  outer  space  [should]  [shall]  promote  the  protection  of  the 
natural  environment  of  the  earth.  To  this  end  States  participating  in 
remote  sensing  [should]  [shall]  identify  and  make  available  information 
useful  for  the  prevention  of  phenomena  detrimental  to  the  natural  environ- 
ment of  the  earth. 

Continuing  the  lack  of  agreement  on  whether  nations  must  comply  with  the  principle  or  can 
use  their  own  judgment  in  each  Case,  this  principle  identifies  the  value  of  protecting  the 
earth's  natural  environment  and  preventing  phenomena  deemed  detrimental. 


Principle  V 

States  participating  in  remote  sensing  of  [the  natural  resources  of 
the  earth]  [and  its  environment]  from  outer  space  [should]  [shall] 
make  available  technical  assistance  to  other  interested  States  on 
mutually  agreed  terms. 

There  was  no  difficulty  in  agreeing  to  mutually  agreed  terms  on  making  technical  assistance 
available  to  interested  States.  Sdch  assistance  has  been  available  for  some  time.  However,  the 
issue  of  exactly  what  is  to  be  included  in  remote  sensing,  intended  for  regulation,  continues  to 
be  undecided. 


Principle  VI 

1.  The  United  Nations  and  its  relevant  specialized  agencies  [and 
the  International  Atomic  Energy  Agency]  [should]  [shall]  promote 
international  cooperation,  including  technical  assistance, a and 
play  a role  of  coordination  in  the  area  of  remote  sensing  of 
[the  natural  resources  of  the  earth]  [and  its  environment]. 

2.  'States  conducting  activities  in  the  field  of  remote  sensing 
of  [the  natural  resources  of  the  earth]  [and  its  environment] 
[shall]  [should]  notify  the  Secretary-General  thereof,  in  com- 
pliance with  Article  XI  of  the  Treaty  on  Principles  Governing 

! the  Activities  of  States  in  the  Exploration  and  Use  of  Outer 

Space,  including  the  Moon  and  Other  Celestial  Bodies. e 


While  agreement  was  reached  that  the  UN  and  its  relevant  specialized  agencies  promote  inter- 
national cooperation  and  technical  assistance,  agreement  was  not  reached  on  including  the 
International  Atomic  Energy  Agency,  nor  was  agreement  achieved  on  whether  the  UN  was  required 
to  perform  this  function  or  could  do  it  on  a voluntary  basis.  The  question  of  defining  remote 
sensing  and  to  what  it  applies  remained  unsolved.  With  regard  to  technical  assistance,  the 
Working  Group  added  a footnote  (a)— “Depending  on  whether  the  Subcommittee  believes  that  a 
Separate  principle  should  be  developed  on  technical  assistance."  This  option  is  left  open  for- 
future  decision. 


The  second  paragraph  leaves  some  additional  matters  unsolved.  Although  agreement  was 
reached  on  notifying  the  Secretary-General,  only  the  1967  Treaty  on  Outer  Space  was  mentioned 
whelreas  the  1975  Convention  on  Registration  of  Objects  Launched  into  Outer  Space  also  has  pro- 
visions concerning  notification  to  the  Secretary  General.  It  may  be  that  other  space  treaty 
provisions  will  be  added  in  future  sessions  of  the  Legal  Subcommittee,  Footnote  (b)  in  the 
text  of  the  principle,  provides  that  “The  question  of  application  to  international  intergov- 
ernmental organizations  will  be  considered  later."  . 


Principle  VlT 

Information^  obtained  by  remote  sensing,  [of  the  natural 
resources  of  the  earth]  [and  its  environment]  indicating  an 
impending  natural  disaster  shall  be  disseminated^  as  promptly 
as  possible  to  those  States  likely  to  be  affected. 
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This  principle  has  two  qualifications  in  footnotes.  First,  "information"  is  "subject  to 
later  discussion  of  the  terms  'information'  and  'data'."  Second,  after  "disseminated"  a foot- 
note has  been  added  to  the  effect  that  the  matter  is  "subject  to  further  discussion  after 
information  concerning  procedure  of  dissemination  in  the  practice  of  the  United  Nations  is 
received  from  the  Secretariat." 

Principle  Vlin^ 

I 

Taking  into  account  the  principles  I and  II  above,  remote 
sensing  data  or  information  derived  therefrom  [shall]  [should] 

[not]  be  used  by  States  [to  the  detriment  of]  [in  a nanner 
compatible  with]  the  legitimate  rights  and  interests  of  other 
States. 

There  is  a question  about  whether  this  principle  should  be  stated  positively  or  negatively. 
Some  nations  want  remote  sensing  data  and  information  not  distributed  to  the  detriment  of  States 
while  others  see  great  difficulty  in  implementing  this  general  statement  and  desire  that  the 
idea  be  expressed  positively;  that  is,  use  of  remote  sensing  "in  a manner  compatible  with  the 
legitimate  rights  and  interests  of  other  States."  If  the  use  were  according  to  legitimate 
rights  and  interests,  proponents  think  it  could  not  be  to  the  detriment  of  a State.  There  are 
many  different  concepts  of  what  constitutes  "detriment",  and  it  is  possible  that  the  same  data 
and  information  could  be  considered  detrimental  by  one  State  and  beneficial  by  another.  This 
entire  principle  is|  subject  to  a footnote  (e)  which  states  that  it  "should  be  considered  in 
connection  with  the  formulation  of  a principle  on  dissemination  of  data  or  information  and 
subject  to  later  discussion  of  the  terms  'information'  and  'data'." 

Principle  IX 

States  participating  in  remote  sensing  [of  the  natural 
resources  of  the  earth]  [and  its  environment],  either  directly 
or'through  relevant  international  organization  [shall]  [should] 
be  prepared  to  make  available  to  the  United  Nations  and  other 
interested  States,  particularly  the  developing  countries,  upon 
their  request,  any  relevant  technical  information  involving 
possible  operational  systems  which  ’they  are  free  to  disclose. 

The  unsettled  issue  of  precisely  what  remote  sensing  is  to  include  for  purposes  of  regula- 
tion continues  in  this  principle.  This  principle  seeks  wide  dissemination  of  information  on 
possible  operational  systems,  perhaps  expressing  the  anxiety  of  some  States  that  an  operational 
system  might  be  established  without  their  knowledge.  The  coordination  of  this  principle  with 
space  law  provisions  already  provided  in  other  treaties  with  regard  to  notification  of  the 
United  Nations  has  not  yet  been  worked  out. 

Principle  X I 

States  [shall]  [should]  bear  international  responsibility 
for  [national]  activities  of  remote  sensing  [of  the  natural 
resources  of  the  earth]  [and  its  environment]  [irrespective 
of  whether]  [where]  such  activities  are  carried  out  by 

governmental  [or  non-governmental]  entities,  and  [shall] 

[should]  [guarantee  that  such  activities  will]  comply  with 
the  provisions  of  these  Principles. 

This  principle  is  taken  from  a provision  in  the  1967  Treaty  on  Outer  Space  and  is  related 
to  other  space  law  treaty  provisions.  However,  it  is  not  decided  whether  compliance  by  States 
after  ratification  should  be  mandatory  or  voluntary  and  whether  remote  sensing  is  concerned 
with  the  earth's  resources  and  possibly  also  its  environment  or  could  include  additional 
categories.  The  responsibility  of  a State  for  non-governmental  entities  engaged  in  remote 
sensing  activities  is  also  in  question. 


Principle  XI 

A Sensed  State  [shall]  [should]  have  timely  and 
non-discri minatory  access  to  data  obtained  by  remote 
sensing  [of  the  natural  resources  of  the  earth]  [and  its 
environment]  from  outer  space,  pertaining  to  its  territory 
on  reasonable  terms  [to  be  mutually  agreed  upon  with  the 
sensing  State]  and  to  the  extent  feasible  and  practicable, 
f LshallJ  [should]  be  provided  with  such  data  on  such  terms 
[on  a continuous  and  priority  basis]  [and  in  any  case  no 
later  than  any  third  State]. f 

This  principle  reveals  the  number  of  issues  difficult  to  resolve.  Sensed  states  would 

to^othPr^t^atern  on  their  territory,  some  would  like  to  deny  such  information 

to  other  states  or  obtain  it  on  a priority  basis  before  other  states.  Some  wish  to  make  the 

want  them  compulsory.  Some  states  wanted  the  da™^nd^ 
information  without  mentioning  reasonable  terms"  while  others  could  not  agree  to  qivino  awav 
Compensation.  Although  there  is  no  difference  of  opinion  abLt  "L- 
1^-^— recognition  of  the  technological  and  practical 
factors  involved  in  feasible  and  practicable";  that  is,  some  States  might  wish  the  law  to 

fartnrc  dissemination  of  data  without  considering  economic  and  technological 

factors  esisential  in  implementing  such  a general  idea.  cecnnoiogicat 


"Subject  to  review  in  the  light  of  the  discussion  on  access  by  third  States." 


A very  unusual  situation  developed  with  regard  to  the  attemot  to  draft  an  aHWitinnai 
principle  and  place  it  in  the  text  after  Principle  XI.  LfagSment  had  been  reach^ 
"nrinrinip"  delegations  objected  strongly  to  including  the  text  under  the  word 

ho  thn  ® compromise  was  worked  out  so  that  the  text  was  set  in  what  appears  to 

GrouSMrreSSr^he  L5ris'?epJSducfd1rfono:s!°""' 


, Principle  ...  (see  para.  13  of  this  report) 

Without  prejudice  to  the  principle  of  the  freedom  of  exploration 
and  use  of  outer  space,  as  set  forth  in  article  I of  the  Treaty 
on.  Principles  Governing  the  Activities  of  States  in  the  Explora- 
tion and  Use  of  Outer  Space,  including  the  Moon  and  other 
Celestial  Bodies,  remote  sensing  [of  the  natural  resources  of 
the  earth]  [and  its  environment]  [should]  [shall]  be  conducted 
with  respect  for  the  principle  of  full  and  permanent  sovereignty 
ot  ail  states  and  peoples  over  their  own  wealth  and  natural 
resources  [with  due  regard  to  the  rights  and  interests  of  other 
^"d  their  natural  and  juridical  persons  in  accordance 
with  international  law]  [as  well  as  their  inalienable  right  to 
ispose  of  their  natural  resources  and  of  information  concerning 
those  resources].  ^ 


T 


that  "Th?f?e5t^?sll!us'set  P9®®ib1e.draft  principle,"  and  the  report  indicates 

rSiJed  to  reSrt  trthrLeMrs,.hr''®>r^  was 

static  ^ ^ ^ Subcommittee.  This  entire  matter  reflects  the  fear  of  some 

Sensing  might  be  used  as  a technique  to  get  control  over  their  natural 
resources,  and  the  position  of  other  States  that  while  there  is  sovereignty  over  natural  re 
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The  Legal  Subcommittee  did  not  take  action  on  the  definition  of  "primary  data"  and  "analyzed 
information"  provided  by  the  Scientific  and  Technical  Subcommittee,  citing  a lack  of  time  as  the 
reason.  The  information  was  provided  for  the  report,  however#  in  a proposal  made  by  Sweden. 

It  should  be  noted  that  the  first  five  principles  had  been  identified  and  listed  in  1976  and 
at  the  1977  session  the  remaining  six  were  formulated. 


VII  CONCLUSIONS 

1.  Remote  sensing  of  the  earth  by  satellites  creates  problems  of  institutional  and  legal 
arrangements  which  are  much  more  difficult  to  solve  than  those  of  space  communications  by  means 
of  INTELSAT  and  the  International  Telecommunication  Union;  or  space  meteorology  with  the  U.S. 
National  Oceanic  and  Atmospheric  Administration  (NOAA)  and  the  World  Meteorological  Organization 
(WMO).  Although  space  communications  and  meteorology  were  difficult,  each  has  a distinctive  and 
identifiable  character  connected  with  known  requirements  for  communications  and  weather  informa- 
tion already  in  existence  before  space  technology  was  added  as  a new  tool.  The  results  of  remote 
sensing  data  and  information  can  be  used  in  a variety  of  ways  and  there  is  no  single  category 
of|users  which  can  be  organized  and  regulated  easily.  The  use  of  remotely  sensed  data  and  infor- 
mation also  arouses  fears  of  its  abuse  in  the  minds  of  leaders  in  some  countries,  fears  that 
their  natural  resources  will  be  exploited  by  others  before  they  have  an  opportunity  to  develop 
them.  Such  fears,  expressed  in  terms  of  nationalism,  tend  to  create  currents  against  the  kind 
of j international  cooperation  which  has  been  the  natural  pattern  for  communications  and  meteor- 
ology. The  consequence  is  that  some  issues  arise  which  are  irreconcilable,  or  at  least  not 
easily  reconciled,  and  therefore  it  will  take  more  time  to  resolve  questions  than  has  been  the 
case  with  past  issues  handled  by  the  UN  Committee  oa  the  Peaceful  Uses  of  Outer  Space. 


I The  fact  that  it  takes  more  time  to  deal  with  sharply  differentiated  positions  on  issues, 
than  is  the  case  with  those  more  amenable  to  negotiation  and  compromise,  should  not  cause  any 
loss  of  faith  in  the  method  of  achieving  agreement  among  nations  by  consensus,  the  method  of 
work  of  the  UN  Committee  on  the  Peaceful  Uses  of  Outer  Space  and  its  subcommittees.  This 
method  has  proved  so  successful  in  the  past  that  it  should  serve  as  a model  to  other  UN  bodies, 
particularly  those  concerned  with  arms  control  and  disarmament.” 

3.  There  is  constant  interaction  between  national  and  international  activities  in  remote 
sensing  of  the  earth  by  satellites.  We  are  handicapped  in  dealing  with  consequent  problems 
because  there  are  separate  pools  of  experts  with  a tendency  to  work  vertically  within  their 
disciplines  rather  than  horizontally  through  multidisciplinary  fields.  Both  specialists  and 
generalists  are  needed,  but  they  should  be  aware  of  all  the  factors  that  can  affect  the  pro- 
gress of  their  work.  Scientists  and  engineers  have  a responsibility  to  inform  the  legal 
profession  of  those  facts  which  are  relevant  to  proposed  systems  of  control  and  regulation. 

In  fact,  if  they  neglect  to  do  this  they  are  likely  to  be  bound  in  the  future  by  regulations 
which  are  unnecessarily  hindering.  Lawyers,  economists  and  politicians  should  inform  the 
scientists  and  engineers  of  the  pressures  in  their  fields  of  activity.  Decisions  are  some- 
times made  on  the  basis  of  what  is  technologically  feasible,  the  technology  itself  determining 
what  can  and  what  cannot  be  done.  Scientists  and  engineers  must  take  account  of  the  fact  that 
national  and  international  laws  can  also  prohibit  or  permit  them  to  proceed  with  their  work. 
There  are  many  factors  to  be  considered  but  often  the  scientific  and  technological  community 
will  Took  outside  their  expertise  only  to  cost  effectiveness  or  some  other  single  economic 
factor. 


j 4.  There  is  need  for  more  coordination  between  the  Legal  Subcommittee  and  the  Scientific 
and  Technical  Subcommittee  of  the  UN  Committee  on  the  Peaceful  Uses  of  Outer  Space.  This  need 
has  been  recognized  but  methods  adequate  to  the  task  have  not  yet  been  developed.  Recognition 
of  the  problem  by  UN  members  and  staff  gives  hope  for  the  future  in  providing  for  coordination. 

5.  It  is  very  important  that  the  United  States  not  work  out  a plan  for  its  own  national 
operational  remote  sensing  system  without  taking  into  consideration  its  impact  on  U.S.  foreign 
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relations  as  well  as  the  effects  of  international  factors  on  the  U.S.  program.  This  is  an  area 
not  just  of  the  role  of  the  United  States  in  the  United  Nations  but  also  involves  bilateral  and 
multilateral  agreements  of  NASA's  international  programs.  Remote  sensing  of  the  earth  by  sat- 
ellites is  necessarily  global,  involving  both  governmental  and  nongovernmental  entities,  and  we 
must  think  through  the  entire  range  of  problems  before  taking  action  on  pre-operational  and 
operational  systems. 
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ABSTRACT 

The  dynamic  nature  of  agriculture  requires 
repetitive  resource  assessment.s  such  as  ttiose  from:  ' 

remote  sensing.  ; Until  recently,  the  use  of  remote! 
sensing:  in  agrlculture_h_as  been  limited  primarily 
to  sitej  speeiific  investigations  without  large-scale 
evaluations.,  i Examples  of  successful  applications 
at  various  user  levels  are  provided.  This  paper 
assesses  the  stage  of  development  for  applying 
remote  sensing  to  many  agricultural  problems  and 
suggests  goals  for  planning  future  data  characteristics 
for  increased  use  in  agriculture. 
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Introduction. 

Agriculture  as  a dictionary  definition  is  "the  science  or  art  of  culti- 
vating the  Soil,  producing  crops,  and  raising  livestock".  With  such  a .simplis- 
tic dejfinitlon,  _the  te-rm  agriculture  has  grown  to Include  an  economically  large 

sector' of  oiir  society..„whlch  is  involved  in  production,  .marketing,  resear|ching, 

etc.— directly  ; or  indirectly— of  agricultural  products.  Agriculture  is  some- 
times viewed  in  the  United.  States  or  other  agriculturally  developed  countries 
as  a method  of  balancing  payments  and  we  do  .not  realize  the  bas:J..c. ...necessity  of  . 
AGRICULTURE  AS  FOOD  until  a shortage  of  certain  commodities  affects  the  market- 
place in  the  cost  or  availability  of  certain  food  items  which  v/e  ffeel  are  | 

necessities.,  for  existence.  ..._,  i --  | 

A recent  review  in  Scientific  American  (September  1976:  vol  235!  No.  3) 
provided  an  excellent  overview  of  the  present  world  agriculture  and  agricultural 
production/population  outlooks.  Wortman  (1976)  illustrated  the  continued  trend 
of  increased  production  in  surplus-producing  countries  including  the  United 
States,  Canada^  and  Australia  which  provide  food’  exports  to  the  lesser  agri- 
culturally developed  countries.  He  stated_  that  to  c.ontlnue  offering  free  or 
low-cost  food  to  these  governments  ,1s  counterproductive  to  their  long-term 
development.  In  addition,;  the  sale  of  foodstuffs  to  many  of  the  hungry’ peoples 
of  the  world  can  not  be  realized  because  most  do  not  have  monies  or  exchange- 
able commodities.  Many,  of  the  countries  have  agricultural  and  water  resources 
which  coiild  be ; developed-but  they  lack  the  necessary  information  on  their 
resources ..  Many  have  spch  limited  resources  that  thgyihave  spatially  developed 
to  the  fullesti  and  the  major  increases  in  production can  only  be  derived  by 
the  applicatrtQh  of  new  technologies  such , as  genetically  superior  seeds  or  the 
use  of  chemical  fertilizers.  Therefore,  within  an  agriculturally  developed 
nation,  the j problems  are  well  structured  with  each  level  of  operation  requiring 
different  Inpul:;  whereas,  in  a developing  country,  the  need  for  information 
may  be  for  6nly’ a; central  government  for  planning  or  Implementing  resource 
development.  ^ - , 

Hopper  (1976)  Illustrated  the  Increased  production  realized  from  intensi- 
fication of  farming  practices  (Pig.  1).  The  use  of  remote  sensing  to  provide, 
required  resource  information  to  achieve  technical  innovation  potentially  will 
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benefit  world  food  production.  Resource  awareness,  a necessary  first  step  in 
altering  management  practices  to  Increase  production,  in  many  countries  must  be 
for  educated  public  officials  for  implementing  education  programs  for  the 
farming  population.  - 

Why  Remote  Sensihg  in  Agriculture 

Agriculture  contrasts  with  many ; resource  disciplines  because  it  va.ries 
with.  ..climate,  economics,  .and  many  other  external  forces  which  determine  what 
a farmer  will  plant-and  How, the  crop  will  grow.  A single  assessment  of  agri- 
culture is  not  feasible  ic  provide  information  because  disaster,  average, 
or  over-abundant  production  has  a certain  probability  of  occurring  every  year. 

Timely  asses.sment  of  agricultural  resources  can  reduce  effects  of  insects, 
disease,  and  nutrient  deficiencies  on  yield  through  efficient  management  prac- 
tices . ! 

A second  aspect  of  agriculture  is  that  in  countries  like  the  y..S.,  rapid 
transfer  of  Information  is  available-  through  the  Cooperative  Extension  Service, 
The  actual  farming  population  is  brnall  and  generally  well  educated  in  accepting 
the  information- with  the  capability  to  react  where  action  could  provide  a bene- 
fit.! Therefore  j,;  both  the  public  and  ^private  : sectors  of  agriculture  have  a 
suitable  lnforma:tlon  System  to'  accept  and  use  information  provided  by  remote 
sensing.  In  contrast,  in  regions  of  subsistence,  farming,  50-90%  of  the  pop- 
ulation may  be"  agrarian  living  in  rural  areas  with  poor  communication  with 
population  centers.  These  regions  need,  information  at  higher  levels  of  govern- 
ment . For  many  countries  or  states,  agJ^iciulture  is  the  largest  economic  com- 
modlty  in  their  budget.  Therefore,  the  Impact  of  technological  advances  in 
agriculture  can  have  a large  effect  on  the  growth  and  development  of  countries 
along  with  the  Stability  of  their  peoples  and.  governments  . 

I The  Structure  of  Agricultural  users 


A.S  with  any  segment  of  our  society,  an  intricate  network  is  established  to 
servb' the  "grass  roots"  (farmers  or  producers ),. This  network  has  developed  In 

bothl  the piublic  and  private  sectors  with  each  requiring  different  levels  of 

informajtidn.  Therefore,;  information  on  a global  basis  may  alter  price  supports 
or  ifnp.Qrt  quotas  which  aiffect  Individual  farmers.  Management  practices  of 
individuals  affect  yield'  and  influence  total  production  which  concerns  managers 
at  the  global  level.  , . 


The  society  of  agriculture  consists  of  a large  group  of  private  enter- 
prises independently  owned  and  operated.  These  private  enterprises  often  com- 
bine to  form  codpehatives  forr. purchasing,  selling,  or  planning  purposes.  The 
enterprises  are.  also  repres.e.n.ted  by . many  county,  state,  or  federal  governmental 
bodies-;  Billingsley  et  al  .(1976 ) illustrated  that  the  bulk  of  users  who  need 
info'rmation  frequently  can  :not  ^buept  highly  sophisticated  user  products^  ^ 

(Fig.  2) . Uh fortunately,  present  design  characteristics  of  LANDSAT  satellites 
reqiiire  detkilfed "digital  processing  to  fully  utilize  data  at  "large"  scales 
required  by  indivlduail  producers.  Wiegand  (igT't)  demonstrated  that  reflectpce 
anomalies  of  chlorotic  areas  of  a sorghum  field  which  were  visually  apparent 
in  larger-soale  aircraft  data  were  observed  lii  digitally  processed  LANPSAi  data 
Until  a mechanism  is  established  to  provide  these  detailed  analyses  on _a  rou- 
tine and  cost  effective  babis  or  until  the  scale  of  interpretation  product  is 
suitable  for  visual  inspection  of  individual  fields,  use  by  the  individual 
farmers  will  be  llmlte.d. 


In  summary,  agriculture  is  broad  with  information  required  at  all  levels 
and  all  types  of  agricultural  systems.  The  following  paper  does  not  attempt 
to  structure  agriculture  but  has  isolated  a few  problems ^at  a: few  levels  to 
illustrate  present  uses  of  remote-sensing  techniques  that  vary  with  local  sit- 
uations, Much  of  the  research  in  applying  remote-sensing:  techniques  is  local 
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broad  areas,  peoples,  and  data-use  structures  It  is 


Example  Users 

estimaies^arP^LZa^fn  MacDonald  (1976),  worldwide  food  production 

_,„a  ^^tes  are  needed  on  a timely  and  accurate  basis  for  those  involved  in  t-hn 

’ operation,  research,  and  development  of  food  operation  svstem>" 
he  Large  Area  Crop  Inventory  Experiment  (LACIE)  was  established  as  a^eoonpr 
fyi  veafp^  of  USDA,  NASA,  and  NOAA.  During  the  phase!  li  Snd  !ll  0!  !!! 

yield‘d  1!  capable ’ of the  agro-meteorologlcal  approach  to^stlmatlng 

in  major  wheat  producing  regifn!'^!f^th!  w!Sd"^!!d°that '^"l^-iEniflL^ri™^ 
ment  should  be  expected  in  the  future"  The  effort  Wnni!nn  P 5^  Improve- 
cedures  operational  for  global  eff!rL  ls^^:n!JL°r1b^:?“"w^ 

SSb!ta!tlfrfo!^t  accuracy  goals,  the  technique  development  ^111  be 

substantial  for  transfer  to  other  problems  which  can  have  remote-sensing  inputs. 

desertification  can  have  Immediate  action.  Presently 

sertxflcation,  can  potentially  be  assessed  using  LANDSAT  (United  Nations,  1977). 
lcanu®p?rpT’°!+.^S°*^^®"’®  large  areas  which  are  dynamic  can  only  be  econom- 

K'.'SSil"  repetitive,  tl»i,  “«rwS  ?(Ll"le"e”eeClre 

by  either  ground  surveys  or  aircraft  flights  over  large,  remote  areas. 

Problems  of  using  only  spectral  data  for  interpretation  In  condncHno- 
crop  inventories  have  been  demonstrated  by  Draeger  (1976)  Comparative  lr 
terpretations  over  large  regions  require  111  thf  Lai^We  ln?o!mSon  ij 

Th!r!fL!  w!®m!S  !e!!tlti!!l  tones  along  with  ground.knDWledge , 

^spetltively  compare  suitable  spectral  and  spatial  infnr-^ 
n over  large  regions.  That  opportunity  exists  with  satellite  data. 

required  sensing  can  be  important  where  information  is 

17-14-k  pu  or  region..  Extensive  areas  of  Mexico  are  in- 

fested with  the  citrus  blackfly.  Hart  et  al  (1973)  found  that  medium  fn 

blackfly  fungus  In  tree  top!  Sr!  dSSLSe 
iSllv  P*’o^°gi’aphy . Surveys  must  be  conducted  period- 

Ically  to  determine  the  potential  of  Infestation  in  the  United  States  A 

aerial  photography  over  ground  surveys  saved  about  000  (US) 
per  year  to  Inventory  56,400  hectares  of  citrus  in  Northeast  Mexico  As 
resolution,  both  spectrally  and  spatially,  allows  additional  KSin^tinns  in  ' 
!5\nnnntant'^!olf  insects,  etc.,  the  use  of  remote  sensing  can  play  . 

II  normally  quite  difficult  to  conduct 

two  to  inventory  regions  on  a national,  scope  appear 

Th^rnf!!!'  countries,  reconnaissance-level  data  are  Callable. 

torlnD-  t-hnP!  °°bntry  will  benefit  from  remote  sensing  by  moni- 

toring those  dynamic  features  such  as  land  use . Systematic  approaches  as 
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proposed  by  Anderson  et  al  (1971)  can  be  applied  to  maintain  uniformity  in  the 
types  and  levels  of  information  extracted.  Many  states  have  completed  land- 
use  inventories  using  remote-sensing  approaches. 

However,  in  developing  counti’ies,  reconnaissance  data  generally  are  un- 
available. For  example,  the  280-km  Jonglei  Canal  is  to  be  built  In  Southern. 
Sudan  to  channelize  approximately  one  third  of  the  White  Nile  water  which  is 
normally  lost  in  the  SUDD  region,  a large  swamp,  due  to  evapotranaplration 
and  groundwater  seepage.  Adequate  resource  data  of  the  surrounding  160,000 
kni‘^  do  not  exist  to  facilitate  the  development  of  the  canal.  Even  though 
detailed  ground  investigations  are  required  to  locate  and  design  the  canal, 
locations  of  -the  closest  sources  of  suitable  aggregate,  location  of  soils  v;hi,c.li 
could  be  IxTlgated,  assessment  of  vegetation  before  project  development,  and 
measurements  of  drainage  intensities  and  directions  are  not  known  at  this  time. 

LANDSAT  data  offer  the  only  reasonable  interpi’etlve  data  base  at  the  Re- 
quired 1:500,000  scale  for  this  large  inaccessible  region.  Resource  inven- 
tories conducted  Jointly  by  the  Remote  Sensing  Institute  in  South  Dakota,  the 
National  Academy  of  Science  in  Egypt,  and  resource  scientists  of  SUDAN  pro- 
vided preliminary  maps  at  a 1:500,000  scale  with  field  verification  after  18 
months  of  (project  duration.  High  quality,  tone-matched  mosaics,  of  interpretive 
Imagery  sUch  as  those ^ in  Pig,  3 are  required.  The  mosaic  prepax’ed  in  both  tone- 
matched  color  and  black. and  white  was  an  original  scale  of  1:500,000  covering 
the  160,000  krn'=^  with  portions  of  only  12  LANDSAT  scenes.  Data  from  more  than 
one  season  were  viewed  with  various  types  of  information  extracted  fi-’om  each 
season.  For  example,  inthe  dry  season  the  frequency  and  size  of  burn  pat- 
terns provide  information  relating  to  soil  patterns.  Drainage  occurrence  and 
density  are  more  visible  on  wet  season  than  on  dry  season  imagery.  The  pre- 
sence of  surface  water  throughout  the  seasons  can  be  mapped.  Practical  methods 
such  as  these  photographic  tone-matching  procedures  must  be  further  developed 
to  offer  high-quality  data  to  users  at  low  cost. 

D.  State  Level  - Many  states  have  applied  LANDSAT  data  to  land-use 
inventories.  In  most  Instances  for  a Level  1 land-use  Inventory  LANDSAT 
provides  the  only  economical  source  of  data  available  on  a state-wide  basis. 

Imagery  can  be  used  to  provide  a spatial  awareness  for  disseminating  in- 
formation contained  in  line  maps.  For  example,.  Westin  (1973,  197'lb)  used 
LANDSAT  data  to  provide  information  on  conceptual  dollar  values  of  various  re- 
gions in  South  Dakota  and  summaries  of  soil  texture,  soil  slope,  and  soil  test 
Information.  Many  users  do  not  understand  soil  variation  mapped  by  a profes- 
sional soil  scientist  but  they  can  relate  to  the  mapping  units  on  the  basis  of 
pH  or  phosphorous,  level  which  may  alter  certain  of  their  management  procedures 
in  the  application  of  chemical  soil  additives.  At  the  county  level  V/estin 
(197^a)  has  provided  a map  of  soil  texture,  organic  matter  content,  and  soil 
pH  which  is  used  to  partially  determine  application  rates  of  herbicides  for 
weed  control.  The  line  map  on  a LANDSAT  background  at  1:250,000  scale  can  be 
used  by  applicators  to  locate  actual  fields  within  the  region  of  Interest, 

Barney  et  al  (1977)  prepared  a user  guide  for  Missouri  agrloultui’e  in  response 
to  user  demand.  For  example,  the  distribution  of  crops  within  a county  is  . ; ; ^ 
important  to  chemical  and  fertilizer  salesmen  in  locating  key  dealers.  Simple 
photographic  interpretation  of  LANDSAT  data  provides  this  spatial  information 
which  can  not  be  derived  from  the  Statistical  data  normally  available.  The  , 
simple  interpretations  can  be  accomplished  (with  a minimum  of.  training)  if 
suitable  data  products  are  available. 

E.  Regional  - In  vast  areas  of  the  western  U.S .,  saline  seeps  are  emer- 
ging through  natural  processes  but  the  rate  of  formation  is  being  accelerated 
by  man  through  certain,  of  his  cultural  practices  such  as  fallowing  land  to  : 
build  up  soil  moisture  reserves.  Miller  and-jBahls  (1976)  estimated:  that 
57,000  hectares  of  land, in  Montana  are  not  productive  due  to  saline  seeps  and 
their  growth  is  approximately  10?  per  year.  Worcester  and  Brun  (1977) 


260 


estimated  the  growth  of  seeps  in  Western  North  Dakota  was  700j?  to  l400!S  during 
the  past  25  years.  Hoyton  (1977)  summarized  a joint  Montana,  North  Dakota,  and 
South  Dakota  project  evaluating  remote-sensing  procedures  for  detecting  pre- 
emergence,  of  saline  seeps,  Early  indications  are  that  the  thetmal  spectral 
region  in  combination  with  aerial  photographs  (any  film-filter)  may  provide  an 
experienced  soil  scientist  with'  considerable  Information  in  conducting  the 
surveys.  However,  additional  spectral  regions  such  as  microwave  should  be 
evaluated  for  a more  direct  measure  of  salinity  and  moisture  levels. , After  the 
seep  has  formed,  an  alteration  of  management  procedures  has  little  or  no  effect 
on  reclamation.  However,  with  early  detection  of  potential  areas  of  seep 
formation,  establishment  of  deep-rooted  crops  to  reduce  the  level  of  the  water 
table  reduces  the  potential  for  seep  development. 

In  agriculture,  the  important  and  economical  uses  of  remote  sensing  are 
those  which  can  provide  base  data  to  alter  management  decisions.  In  regional 
problems,  even  though  the  application  may  be  used  at  the  individual  enterprise 
or  farm  level,  the  regional  economic  impact  is  large. 

P.  Cooperatives  - Irjidlvldual  farmers  normally  do  not  have  the  scientific 
awareness  or  finances  to  apply  remote-sensing  procedures  With  our  existing 
systems.  Cooperatives  can  provide  the  mechanism  for  farmers' to  apply  the 
technology.  For  example , rin'-the  sugar  beet  industry  where  the  beets  are 
harvested  from  fields  and  brought  to  a central  storage  facility  to  be  processed, 
storage  losses  dud  to  In-plle  storage  rot  can  , be  large.  Moore  et  al  (1975) 
found  that  predawn  aerial  thermography , for  looiating  temperature  anomalies 
associated  with  heat  generated  within  the  piles , could  be . used  to  isolate  the 
spoiling  areas..  The  spoiled  beets  are  then  removed  from  the  pillesi  to  avoid 
further  spoilage.  With  this  early  detection,  a conservative  estimate  of 
savings  for  the  sugar  beet  iridustry  in  The  Red  River  Valley  of  North  Dakota 
and  Minnesota  is  $1 . 75~mllllQn  (US)  dollars,  in  an  average  year. 

G.  Individuals  - One  of  the  difficulties  in  assessing  the  use  by  in- 
dividuals is  the  lack  of  documentation.  Therefore,  only  a few  examples  from 
personal  experiences  can  be  illustrated.  Moore  and  ,Rusche( 1974)  mapped  the 
land,  flooded  in  197^<  in  the  Red  Rlifer.  Valley  of  North  Dakota.  In  1977,  a 
farmer  requested  an  aerial  photograph  which  documented  the  percent  of  flooded 
land  on  a farm  he  was  contemplating  purchasing  to  determine  if  he  wished  to 
pursue  the  transaction.  Since  land  prices  had  advanced  into  the.  hundreds  and 
thousands  of  dollars  per  hectare  ^-  the  individual  was  considering  a considerable 
financial  sum  and  needed  all  available  information  on  which  to  base  his  de- 
cision. In  another  case,  a farmer  in  Kansas  had  an  irrigated  field  with  a 
serious  infestation  of  weeds.  Although  he  knew  of  the  presence  of  the  weeds, 
he  could  not  determine  on  the  ground  their  spatial  extent  within  the  field. 

In  his  ef.fort  to  optimize  return  on  his  Investment,  he  needed  to  decide  whether 
to  cut  the  field  early  for  silage  or  to  allow  the  crop  to  mature  for  grain. 

On  color-infrared  aircraft  photography  available  because  of  an  on-going  drain- 
age study,  the  spatial  extent  of  weed  infestation  was  easily  Interpretable. 
Because  ^0%  of  the  field  was  infested  in  mid-August,  the  farmer  harvested  the 
field  for  silage.  Many  of  these  uses  would  exist  if  timely,  high  quality 
data  were  readily  available. 

Summary  and  Recommendations  . 

Remote  sensing  does  have  application  in  agriculture.  Agriculture  is 
dynamic  and  has  the  economic  need  for  timely  data  for  management  decisions. 
Perhaps  the  greatest  deterrent  to  use  is  presently  a combination,  of  effects  . 
of  data  scale  from  satellites  and  timeliness  of  data  availability.  These 
problems  can  be  overcome  and  in  a slow  evolutionary  process  their  use  will  in- 
crease. Billingsley  et  al  (1976)  provided  a summary  of  the  "state-of-the-art" 
in  agricultural  applications  presented  In  Table  I.  Most  applications  require 
further  research  and  development  before  they  can  he  considered  operational  for 
any  region.  Most  procedures  have  been  developed  and  evaluated  over  limited 
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geographic  areas. 


Application 


TABLE  I.  State  of  the  art  of  remote  sensing 
In  agricultural  applications. 

State  of  the  Art  


Users* 


Operational  Development  Research 


High  Water  tables 

X - - 

X 

CA,  CSD,  :DD.,  F,  PA,  ID,, 
SCS,  USBR.,,...B1A 

Salinity 

X - - 

X 

CA,  CSD,  DD,  Ps:-fA,  ID,: 
SCS;,  USER,  BIA 

Irrigation  Management 

1" 'v 

X 

X 

CA,  CSD,  P,  FA,  ID,  SCSj 
USBR 

Soil  Moisture,  J 

X 

X 

CA,  CSD,  F,  PA,  ID,  BIA 

Water  iBudlget 

X 

X 

BIA,  CSD,  FA,  ID,  SA, 
SCS,  USBR 

Ground  Water  Development 

X - - 

X 

CSD,  P,  ID,. SCS,  SG, 
USGS,  BIA 

Soil  Survey— Reconnaissance 

X 

CA,  CS;  F,"  PA,  SA,  SCS, 
USBR,  BIA 

Seed  Germination  Require- 
ments 

X 

X 

CA,  F,  ID,  SA 

Crop  Surveys — Acreage 

X 

• - X 

CA,  F,  FA,  SA,  SRS,  BIA 

Crop  Surveys  Yield 

X 

X 

CA,  P,  FA,  SA,  SRS,  BIA 

Range  Surveys — Biomass 

X 

■ - X 

CA,  P,  PA,  SA,  BIA 

Disease  and  Insects 

: i . 

X 

• - X 

CA,  P,  FA,  SA,  SRS,  USBR 
BIA 

Land  Erosion  Potential 

X 

• - X 

GA,  CSD,  F,  FA,  SA,  SCS, 
USBR,  1 BIA 

Weed  Infestations 

X 

^ - X 

CA,  P,  SA,  BIA' 

Fertility  Needs 

■ ' ! - 

X - - 

X 

CAy  F,  PA,  SA,  SCS,  SRS, 
USBR,  BIA 

•BIA-U.S.  Bureau  of 

FA-Other 

Federal 

SG 

-State  Geologists 

Indian  Affairs 
CA-County  Agents 
CSD-Conservancy 
Subdistricts 
DD-Dralnage  Dis- 
tricts 
F -Farmers 


Agencies 

ID-Irrlgatlon  Dis- 
tricts 

SA-State  Departments 
of  Agriculture 
SCS-Soll  Conservation 
Service 

( after 


SRS-Statistical  Re-  ' 
porting  Service 
USBR-U.S.  Bureau  of 
Reclamation 
USGS-U.S.  Geological 
Survey 

Billingsley  et  al, 
1976) 


Recommendations  to  increase  the  numbers  of  users  Involved  In  U.S.  agri- 
culture are: 

establish  more  information  dissemination  centers 

—tailor  products  in  scale  and  thematic  information 

Improve  spatial  resolution  of  satellite  data , 

--Include  thermal  and  microwave  sensors  on  satellites  . 

— more  timely  data  delivery 
— Increase  product  visibility  : 


— establish  aircraft  programs  with  rapid  data  delivery 

— greater  OSM"  Involvement  ■ ^ 

- knowledge  of  user  products 

- available  extension  service 

Increase  both  basic  and  applied  research  within  well-defined  framework 

plan  : , 

— more  frequent  coverage  during  the  growing  season 
— include  cloud-penetrating  sensors 
— Improve  slgnal/nolse 

The  foreign  concern  Is  to  assure  that  high  quality  data  over  remote  regions  are 
easily  available  at. a nominal  cost^ 
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Pig.  1 The;  erfeot  of  technical  innovation  and  intensification  of  farming 
practices  on  the  yield  of  rice.  (After  Hopper,  1976).,  I 
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Pig.  2 - The  need  and  level  of  Information  required  for  various  agricultural 
users  of  remote-sensing  technology . .(After  Billingsley  etal,  1976), 
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Pig.  3 - A tone-matched  black  and  white  mosaic  of  MSS-7  LANDSAT  data  as  a data 
base  covering  160,000  kra^  of  the  SUDD  region  of  Southern  SUDAN. 
Portions  of  12  scenes  are  reoulred  for  this  1:3,000,000  scale  mosaic 
(original  working  scale  was  1:500,000).  Tone  matching  of  these  photo- 
Interpretlve  products  allows  the  resource  scientist  to  view  the  total 
area  with  detailed  data  which  appear  as  one  scene. 
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ABSTRACT 

The  purpose  of  this  paper  is  to  examine  the  actual  and  the 
^esiroble  roles  of  remote  sensing  in  dealing  with  current  forestry 
issues,  such  as  national  forest  policy,  supply  and  demand  for  forest 
products  and  competing  demands  for  forest  land. 

A most  critical  problem  in  forestry  is  the  developing  shortage 
of  wood.  Productivity  must  be  increased,  more  intensive  manage- 
rinent  must  be  introduced,  and  current  supply  must  be  accurately 
estimated.  Significant  uses  for  both  satellite  and  airborne  data 
have  developed  in  forest  management  and  broad  regional  planning. 
However,  the  shortage  of  wood  has  emphasized  the  weakness  of 
ekisting  forest  inventories  and  has  increased  the  importance  of 
those  projects  which  lead  to  more  detailed  information  on  forests 
coming  under  intensive  management.  Projects  involving  multistage 
sampling,  linking  information  flowing  from  aerial  photography  and 
ground  sources  are  now  particularly  relevant,  as  are  the  develop- 
ments in  low  altitude  aerial  photography.  Since  a high  percentage 
of  the  cost  of  wood  is  incurred  in  harvesting  and  transportation, 
remote  sensing  should  pay  increasing  attention  to  terrain  assess- 
rnent,  trafficobility  and  other  information  required  in  planning 
harvesting  operations  and  transportation  networks.  Special  pro- 
blems have  to  be  solved  in  the  inventory  and  management  of 
resources  in  developing  countries. 

(he  developing  supply  crisis  will  put  pressure  on  reforestation  ' 
programs,  and  on  the  rehabilitation  of  naturally  degraded  or 
mismanaged  lands.  At  the  moment,  the  most  promising  approaches 
to  the  assessment  of  planting  sites  and  reforestation  success  are 
tijrough  adaptations  of  traditional  photogrammetry  and  photo 
interpretation;  advances  will  have  to  be  made. 

Forest  protection  continues  as  a critical  area  deserving  mare 
attention.  Satellite  data  have  proved  valuable  in  assessing  forest 
fuels  and  fire  damage  and  thermal  imagery  has  contributed  in  fire 
detection,  mapping  and  suppression.  I^wever,  the  practical 
advances  in  the  appraisal  of  insect  damage  from  thermal  imagery 
and  satellites  have  been  less  spectacular  and  particularly  In  the 
assessment  of  the  spruce  budworm  damage,  major  problems  remain. 

Wood  is  also  being  considered  as  an  additional  source  of 
energy  and  interest  is  increasing  in  producing  fuels  from  wood. 
These,  approaches  have  posed  the  new  problems  of  estimating  total 
biomass  and  transportation  costs  for  new  products.  The  estimates 
required  are  those  which  are  directly  relevant  for  industrial 
devele^ments;  the  purely  scientific  approach  is  less  desirable. 

Other  forestry  issues  involve  concerns  for  the  quality  of  life, 
conservation  and  environmental  protection.  Here  remote  sensing 
has  served  v/ell  in  the  completion  of  integrated  resource  inve- 
ntories of  parks  and  conservation  oreos  and  in  thematic  mapping. 

It  has  also  been  employed  in  urban  forestry,  in  assessing  the 
problems  and  potential  of  trees  in  cities  and  it  plays  a special  role 


in  environrnental  assessments  preceding  large  capital  projects,  such 
as  danjs,  pipeijnes  and  transportation  corridors.  Satellite  imagery 
has  d promising  role  in  large  national  and  global  monitoring 
programs  which  emphasize  both  the  monitoring  of  resources  and 
environmental  matters. 

INTRODUCTION 

J"  forestry  and  the  relevance  of  remote  sensing  programs  to 
current  problems  should  be  questioned.  Are  the  advances  being  made  in  the  areas  that  matter?  Are 

developing?  The  answer  to  these  questions  does  not  require  an  appraisal  of 
the  scientific  merits  of  new  research  nor  does  it  demand  a detailed  account  of  the  success  in  transferrinq 
the  results  of  research  to  practical  application.  We  must,  however,  understand  the  broad  outlines  of 

® I Supply  and  demand,  of  demands  for  environmental  standards 

and  of  specific  problems  related  to  energy  or  threats  to  the  forest  resource. 

WOOD  SHORTAGE  AND  THE  NEED  FOR  MANAGEMENT 

observations  is  that  world  demond  for  wood  will  increase  as  population  and  aspirations 
5"'®  '‘""ds  on  suppiy:  Western  Europe  is  a wood-deficit  area  and  the  Soviet 

l^ion  will  not  be  an  important  source  of  wood  exports.  Its  resources  have  been  greatly  overestimated 
1^^^’  the  United  States  the  outlook  for  meeting  domestic  demand  and  current 

k-  optimistic.  To  some  extent  this  is  the  result  of  increased  interest  in  forest 

managem®nt  which  has  found  expression  in  the  National  Forest  Management  Act  of  1976.  This  Act 
fdJ^rfirnLn'''f®i  mo'ntenance  of  forest  cover,  for  sustained  yield  management  and  the 

itnndnrd  ^ f I ^ "°^i  Production,  for  land  rehabilitation  and  reforestation;  it  sets  high 

Fores7system°"^  planning,  maintenance  of  forest  cover  and  silviculture  for  lands  under  the  National 

♦ho  Prootically  every  province  are  under  review  and  we  are  probably  seeing 

the  political  realization  that  the  days  of  exploitation  with  some  regulation  are  over  and  must  be  replaced  by 
management.  We  know  of  sharply  rising  costs,  of  large  losses  to  insects  and  fire  and  of 
extensive  areas  of  unsatisfactorily  stocked  lands;  but  the  national  picture  is  blurred  by  inadequate 
information  on  forest  inventory  and  productivity.  uy  maaequaie 

of  tropics,  the  emphasis  remains  on  the  exploitation 

no  resources  through  logging  ventures  or  the  establishment  of  industry.  However,  tropical  woods  are 

on  ■®°"'^®''?  and  therefore  the  coniferous  forests  of  the  temperate  zones  will  continue  to  play 

^terTah  ^ Products  such  as  pulp  and  paper  and  construction 

»«♦«  Jr- tropics  far  less  is  known  about  the  assessment  of  timber  volume,  trafficability  and  logging  costs; 

reiltoTJ  ^•“'i  information.  We  simply  do  not  have  much  experience  in  applying 

remote  sensing  and  aerial  photography  in  tropical  forestry,  and  sensor  development  and  interoretation 
concentrated  on  the  northern  forests,  with  their  much  simpler  species  composition!  In  the 
° prepared  to  deal  with  major  changes  in  land  use  which  often  have  undesirable 
P'"®  '•®7’°''®d  to  make  room  for  transportation  networks,  mining  developmentror  for 
colonization.  Such  changes  in  land  use  must  be  observed  and  brought  to  the  attention  of 
policy  makers  and  the  general  public;  global  and  national  monitoring  networks  are  required. 

in  th  predicted  large  increases  in  the  use  of  tropical  hardwoods  have  not  materialized,  but  we  see 

UnP*  and  subtropics  a trend  towards  the  establishment  of  large  coniferous  plantations 

for  Snitorfero  nntnt^  examples.  Such  projects  reinforce  the  need  for  sustained  yield  management 

REGIONAL  INVENTORIES 

hnci.  problems  of  tightening  supply  raise  the  requirement  for  good  inventory  information  oh  d regional 
basi?.  Such  information  is  usually  presented  as  thematic  maps  or  as  statistical  data.  Remote  sensina 
Hformnt fen  '^'w  data  from  Landsat  and  Skylab,  has  made  major  advances  in  providing  such 

MnSrfe'whS  SP®®®  programs  in  land  use  mapping, 

particularly  when  satellite  data  are  used  in  conjunction  with  aerial  photography.  ThO  importance  of  such 

Country  to  country.  _ I suspect  that  in  the  United  States  and  Canada,  Sl^ere  Important 
^n^r&  ^ decisions  tend  to  be  made  locally,  their  importance  is  often  exaggerated  by  professional 


LANDSAT  FOR  INVENTORIES  IN  THE  TROPICS 


The  broad  classifications  promired  by  Landsat  are  of  special  importance  in  those  areas  of  the  world 
where  little  inventory  information  exists.  The  large  recent  inventories  of  Brazil,  where  radar  imagery  was 
combined  with  aerial  photography  and  Landsat  (Fagundes  and  Pinto,  1976)  were  carried  out  in  such  a 
situation.  Landsat  also  has  a vital  role  in  the  current  national  resource  inventory  of  Indonesia,  described  by 
Darmoyuwono  and  Hadisumarno  (1976):  photo  maps  at  a scale  of  1:250,000,  prepared  from  Bands  6 and  7 of 
Landsat,  are  used  as  base  maps  for  areas  without  ad^uate  topographic  maps.  On  these  new  maps,  which  are 
essentially  enlarged  Landsat  images,  the  geographic  grid,  geographic  names,  and  symbols  were  imposed. 
Roa^  were  enhanced  or,  if  they  could  not  be  seen,  were  drawn  from  existing  data.  Darmoyuwono  and 
Fkidisumarno  (1976)  make  special  reference  to  the  mapping  of  changes  in  the  extent  of  nonforested  areas  and 
the  identification  of  river  patterns,  shorelines,  logged  areas  and  changes  in  river  banks  and  sandbars. 


Over  recent  atteaipts  to  map  land  use  in  largely  forested  terrain  in  the  tropics  have  recently  been 
completed  using  Landsat.  One  of  these  is  a map  of  a portion  of  Peru  by  the  Oficina  Nacional  de  Evaluacion 
de  Recursos  Naturales  ( 1 975).  This  map  shows  broad  zones  combining  physiography  and  forestry.  The  forest 
classes  mapped  Include  riperlan  forest,  forest  on  high  terraces  and  mountain  forest.  A vegetation  map  of 
Bolivia  has  also  been  completed. 

^ Another  study  by  Bruneau  and  La  Toan  (1976)  is  an  attempt  to  map  forest  and  agricultural  lands  in  a 
portion  of  northern  Thailand  using  both  black  and  white  Landsat  imagery  and  colour  composites.  The  region 
described  has,  in  contrast  to  the  area  in  Peru  previously  mentioned,  a long  history  of  settlement.  The 
authors,  whose  method  was  traditional  interpretation,  emphasize  that  success  depended  on  a thorough 
knowledge  of  the  area  and  on  experience  with  aerial  photographs. 

One  interesting  development,  with  trial  applications  in  Indonesia,  has  been  the  combination  of  radar 
and  Landsat  imagery.  Side-looking  radar  imagery  emphasizes  topographic  relief,  but  Landsat  allows  the 
classification  of  vegetation  and  provides  information  on  areas  in  radar  shadows.  The  U.S.  Geological  Survey 

Goodyear  Aerospace  Corporation  have  investigated  the  development  of  composite  images  combining 
side-looking  radar  and  Landsat.  The  results  are  an  interesting  combination  with  topographic  features 
provided  by  radar  imagery  and  thematic  information  from  Landsat  (Harris  and  Graham,  1976). 

LANDSAT  FOR  INVENTORIES  IN  TEMPERATE  ZONES 

Experiments  involving  Landsat  have  been  most  numerous  in  the  temperate  regions.  In  an  attempt  to 
draw  general  conclusions  let  os  for  the  moment  speak  in  terms  of  a classification  system  developed  by 
Anderson,  Hardy  and  Roach  (1972)  in  which  a forestry  "Level  1"  classification  means  the  separation  of  forest 
land  from  nonforest  land  and  Level  II  implies  identification  of  hardwoods,  coniferous  and  mixed  forest. 
Lan^at  is  a good  Level  I classifier;  a number  of  articles,  in  particular  Aldrich,  Norick  and  Greentree  (1975) 
and  Heller's  summary  (1975)  of  U.S.  Forest  Service  experiments,  support  this. 

Howev^,  to  complete  a forest  inventory  one  must  map  at  least  at  Level  II.  Experiments  by  Aldrich, 
Norick  and  Greentree  report  poor  estimates  of  areas  by  Level  II  classes  which,  in  their  case,  meant 
separating  pine  from  hardwood.  They  make  an  interesting  observation  that  the  first  impression  during  a 
visual  comparison  of  a thematic  map  prepared  by  computer  was  good.  However,  subsequent  statistical 
analysis  showed  the  deficiencies  at  Level  II.  The  human  eye  and  brain  were  incapable  of  analyzing  all  the 
data  gt  a glance  and  only  objective  tests  revealed  the  truth. 

detailed  analyses  of  classification  errors  which  show  that  digital  analysis  of 
niultiaate  imagery  can  lead  to  classification  accuracies  in  excess  af  80%.  The  work  by  Kalensky  and 
Scherk  U975)  which,  incidentially,  also  involved  separation  of  pine  and  hardwoods,  is  one  example.  High 
accuracies  can  only  be  achieved  with  detailed  ground  calibration  data  and  by  cambining  Landsat  data  from 
iTwre  than  one  season  for  reliable  separation  of  deciduous  and  evergreen  stands.  An  evaluation  of  Landsat  is 
not  complete  until  multidate  imagery  has  been  considered.  Major  difficulties,  however,  will  remain  as  we 
attempt  to  extrapolate  results  from  one  test  site  to  larger  regions. 

Results  of  universal  significance  will  have  ta  rely  an  basic  research  and  evaluations  of  existing 
systems,  mcker  and  Maxwell  (1976)  have  contributed  in  this  field  through  a comparison  of  the  effectiveness 
band  widths  for  the  monitoring  of  grass  canopies.  Their  approach  was  to  numerically  integrate 
vqridOs  band  widths  to  approximote  other  bands  and  to  correlate  reflectance  with  total  biomass,  total 
chlorophyll,  and  leaf  water  cpntenf*  They  confirm  the  known  redundancy  between  Band  6 and  7 of  Landsat 
and  rqcomniend  that  thji,  absorption  fhe  transitional iohes (.70  to  .7A,  pnt)  be  avoided  and 

tyiat,  foe  example;  Band  3 or  RBV  be  shifted  to  .75  ~ .87  pm,  the  region  of  enhanced  spectral  reflectance. 

SKYLAB 

Far  less  has  been  reported  about  success  with  Skylab;  this  is  understOndoble  because  Skylab  was  not  a 
lot^  term  space  prograni  and  did  not  provide  the  extensive  coverage  of  Landsat.  Nevertheless,  there  is 
evidence  that  interpretation  of  fore$ts  using  Skylab  photography  may  allow  niore  detailed  classification  than 


Landsat  imagery,  although  forestry  results  to  date  have  not  proved  this.  The  comprehensive  evaluations  of 
the  U.S.  Forest  Service  (Aldrich,  1976;  Aldrich,  Roberts,  Greentree,  hforick  and  Waite,  1976);  Weber,  1976) 
which  relied  on  the  conventional  photo  interpretation  approach  and  enlarged  Skylab  photographs  revealed 
important  limitations:  forest  types  were  correctly  identified  only  50%  of  the  time;  upland  and  bottomland 
hardwoods  could  not  be  separated  except  in  the  most  obvious  cases;  pine  and  hardwood  could  not  be 
distinguished  from  mixed  pine-hardwood;  the  longest  dimension  of  insect  infestations  had  to  be  over  85  feet 
to  be  detected, 

Skylab  results  outside  forestry  have  been  promising  and  there  obviously  are  applications  in  cartography 
and  topographic  mapping.  For  example,  Lins  (1976)  reports  classifications  at  Level  III  for  urban  land  use.  At 
this  level  such  categories  as  "single  family  residence"  and  "multifamily  residence"  are  separated. 
Interpretation  accuracy  was  83%,  with  the  quotient  of  points-the-same  over  total  points  used  as  a measure 
of  accurocy. 

; EVALUATION  OF  ACCURACY 

One  severe  limitation  to  the  acceptance  of  new  remote  sensing  techniques  is  that  one  cannot  readily 
compare  accuracies  reported  by  different  investigators.  To  illustrate  this  difficulty  consider  Table  I,  a 
hypothetical  set  ef  results.  It  is  the  familiar  "Confusion  Matrix"  which  in  the  early  years  of  rtemote  sensir^g 
was  extensively  used  by  the  Forestry  Remote  Sensing  Laboratory  in  Berkeley. 


TABLE  I . CONFUSION  MATRIX.  (Hypothetical  interpretation  results) 


Correct  classification 
("ground  truth") 

Interpreted  as 

Classification 

Total  number  of 
points  or  pixels 

Pine 

Hardwood 

Other 

pine 

40 

28 

8 

4 

hardwood 

.! 

60 

15 

42 

3 

other 

100 

6 

14 

80 

200 

49 

64 

87 

Now  think  of  the  plight  of  the  potential  user  who  would  like  to  compare  the  results  of  two  leading 
experiments,  Aldrich  et  al.  (1975)  and  Kalensky  et  at.  (1975).  The  pattern  of  Aldrich  would  be  to  cite  "point 
accuracy"  for  pine  = 28/40  = 70%  and  an  "area  accuracy"  based  on  a comparison  of  40  and  49.  Kalensky 
would  speak  of  an  "overall  classification  accuracy"  for  the  whole  scene  of  (28  + 42  + 80)/200  = 75%,  which 
considers  both  error  of  omission  and  commission.  For  pine  it  would  be  28/(28  + 8 + 4+  15  + 6)  = 45.6%. 

Other  measures  of  accuracy  have  been  advocated:  e.g.,  Hord  and  Broomer  (1976)  recommend  a single 
value  which  combines  errors  in  classification,  line  placement  and  control  point  placement.  All  these 
measures  are  logical,  but  until  there  is  some  standardization  the  user  will  be  confused.  As  an  interim 
remedy  all  investigators  should  be  urged  to  include  the  complete  "Confusion  Matrix"  in  their  results.  It  is 
somewhat  awkward,  but  themost  common  measures  of  accuracy  can  be  calculated  from  the  data  given.  In 
the  long  run  some  further  conventions  will  have  to  be  agreed  to  by  the  scientific  community  or  they  will  be 
laid  down  with  the  heavy  hands  of  funding  agencies. 

LARGE-SCALE  PHOTOGRAPHY 

; Most  investigators  have  conciuded  that  a promising  role  for  satellite  remote  sensing  in  forest  inventory 
is  through  multistage  sampling.  A satisfactory  contribution  at  the  first  stage  requires  at  least  classification 
capability  at  Level  II.  If  this  should  be  accomplished,  then  we  have  to  deal  with  the  other  stages  which  are 
besfi  completed  by  aerial  photography  and  ground  work.  In  this  area,  I regard  as  highly  relevant  the  work  in 
large-Kole  aerial  photography  carried  out  in  both  temperate  and  tropical  regions  (Edwards,  1972;  Nielsen, 
1974,  Nielsen  and  Aldred,  1976;  Aldred,  1976;  Rhody,  1977).  The  systems  involved  are  now  operational  for 
northern  forests  and  have  been  tested  in  the  tropics  — in  Guatemala,  Surinam,  and  mpst  recently  in  Costa 
Rica.  Low  altitude  photography  provides  detailed  information  required  for  intensive  rrKinagement.  It  is 
promisirig  rwt  only  blouse  it  costs  less  than  methods  relying  heavily  on  ground  survey,  but  also  because  in 
recent  years  if  has  beconne  increasingly  difficult  to  persuade  skilled  persons  to  Work  in  the  woods,  even  at 
attroctice  solaries. 
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INFORMATION  FLOW 

j There  is  another  task  for  the  remote  sensing  community  if  it  is  to  prove  its  usefulness  in  forest 
inventory:  the  information  flow  in  current  forest  inventory  systems  has  to  be  understood.  If  we  develop 
technically  successful  methods  that  do  not  fit  into  existing  systems,  and  if  we  cannot  replace  the  existing 
systems  with  new  ones,  then  we  are  wasting  time.  There  is  a real  problem  in  the  application  of  satellite 
data.  Most  forest  inventory  systems  acquire  data  at  local  levels  and  then  complete  regional  and  national 
inventories  by  aggregation  of  local  data.  Bickerstaff  (1975)  has  described  the  system  in  Canada,  which  is  of 
this  nature  and  has  much  in  common  with  the  patterns  in  other  countries. 

Satellite  information  is  most  suitable  where  information  is  gathered  by  going  from  the  general  to  the 
particular.  Technically,  the  temptation  is  to  develop  systems  where  the  information  flow  is  from  the  top 
down  — the  reverse  from  the  usual  forest  inventory.  This  has  to  be  understood  and  suitable  compromises 
have  to  be  worked  out  before  the  advances  in  remote  sensing  can  adequately  contribute  to  the  assessment  of 
our  forest  resources. 

, SUPPORT  OF  INTENSIVE  FOREST  MANAGEMENT 

i 

The  discussion  of  forest  inventory  has  been  extensive  not  only  because  this  is  a highly  relevant  area, 
but  also  because  it  is  a traditional  field  for  remote  sensing  and  one  which  has  received  much  attention  in  the 
past,  A neglected  area,  which  is  equally  relevant,  is  the  development  of  remote  sensing  techniques  useful  in 
the  detailed  and  intensive  management  of  the  forests.  It  involves  the  monitoring  of  the  effects  of 
silvicultural  practices,  the  evaluation  of  success  of  reforestation,  regeneration  surveys,  and  the  identi- 
fication of  mineral  deficiencies  in  soil.  To  support  intensive  management,  remote  sensing  should  also 
provide  information  on  stand  density  by  comparing  actual  densities  with  desirable  norms;  it  should  estimate 
^rafficobility  before  deployment  of  harvesting  machines,  it  should  provide  efficient  methods  of  mapping 
logged  areas,  even  if  only  partial  cutting  is  involved,and  it  ought  to  provide  techniques  for  estimation  of 
growth  rates.  For  each  of  the  problems  mentioned,  some  efforts  can  be  cited;  most  readily  recalled  are 
published  and  unpublished  attempts  at  assessing  trafficobility  and  regeneration.”  However,  the  entire  area 
has  not  been  systematically  approached,  yet  it  will  become  increasingly  importont.  Aerial  photography  and 
Sensors  on  low  flying  aircraft  will  play  the  main  roles. 

FOREST  PROTECTION 

Concern  with  present  and  future  sources  of  supply  inevitably  leaves  us  with  urgent  problems  of 
protecting  forests  from  damage,  in  particular  from  insect  infestations  and  fire. 

Technically  the  application  of  remote  sensir^g  in  insect  damage  appraisal  is  difficult.  With  Londsat  in 
particular,  the  results  to  date  have  often  not  justified  the  optimism  expressed  in  the  past.  For  example,  in 
spruce  budworm  damage  surveys,  large  oreas  of  complete  mortolity  can  be  outlined,  but  little  new  can  be 
reported  about  the  mapping  of  damage  levels.  The  most  valuable  work  in  budworm  damage  assessment  has 
proved  to  be  in  aerial  photo  interpretation  where  numerous  publications  are  cited  by  Murtha  (1976).  Specific 
reference  is  made  to  the  carefully  documented  study  of  Ashley,  Rea  and  Wright  (1976)  which  again  shows 
that  there  are  no  quick  solutions  to  assessing  damage.  Past  efforts  to  assess  budworm  damage  have 
encountered  problems  of  uncertainties  of  ground  information,  low  contrast  between  damaged  and  healthy 
areas,  and  complications  introduced  by  presence  of  underbrush  and  deciduous  trees.  Ashley  reminds  us  of 
how  careful  one  has  to  be  in  the  definition  of  objectives.  The  correct  photo  specifications  mqy  be  quite 
different  if  the  desire  is  to  map  defoliation,  mortality,  or  overall  condition  after  several  years  of 
infesfation.  Also  success  in  interpretation  requires  a good  understanding  of  the  target  and  its  surroundings. 
For  example,  a heavy  cone  crop  or  the  fact  that  clipped  needles  are  held  In  the  webbing  of  the  insect 
significantly  affect  appearances  on  photographs  and  have  to  be  considered. 

The  need  for  a cautious  approach  in  advocating  Landsat  as  a tool  for  monitoring  stress  in  vegetation  is 
Supported  by  experiments  in  the  Black  Hills  National  Forest  (Weber,  Roberts  and  Waite,  1975).  Here  the 
investigators  showed  considerable  success  in  classifying  major  land  use  categories,  but  failed  to  obtain  cover 
type  acreage  estimates  and  information  on  damage  (mountain  pine  beetle)  that  was  sufficiently  precise  to  be 
dseful  to  the  forest  manager.  Their  methods  included  visual  interpretation  of  imagery  as  well  as  computer- 
assisted  mapping  relying  on  the  LARS  and  PSW  systems.  However,  undeniably,  they  say  the  synoptic  view  of 
the  entire  Black  Hills  produced  something  of  value  otherwise  unavailable  to  land  planners  and  forest 
managers. 

For  detection  of  stress  in  trees  in  urban  environments,  one  should  pay  attention  to  research  at  the 
College  of  Environmental  Science  and  Forestry  at  Syracuse,  N.Y.  Two  recent  reports  (Lillesond,  Brock, 
(Roberts  and  Johnson,  1975  and  Eav,  Lillesond  and  Manion,  1977)  describe  how  close  range  photography  and 
colour  infrared  aerial  photographs  (1 :6000)  were  arxilyzed  to  show  the  response  of  foliage  to  stress.  Narrow 
bond  filtration  and  rOtioing  of  data  from  film  layer  records  were  employed  to  allow  for  the  degrading  effects 
Of  haze,  atmospheric  attenuation,  lens  flare  and  film  processing.  The  condition  and  environments  of  about 
3,000  trees  were  correlated  with  the  film  exposure  in  the  green,  red  and  infrared  bonds  of  Colour  infrared 
film.  Measures  for  estimating  stress  on  the  ground  ond  by  aerial  photography  hove  been  developed;  research 
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continues  with  emphasis  on  procedures  for  predicting  stress. 

surveys  wMI  have  to  shift  to  the  identification  of  situations  where  remedial 
^ interesting  approach  recently  taken  by  Heller  and  Miller 

U976)  in  Idaho.  An  attempt  was  made  to  identify  stands  of  fir  which  were  susceptible  to  attacks  by  a 
destructive  defoliator,  the  ^glas-fir  tussock  moth  (Orgyia  pseudotsugata  McD.).  Colour  infrared 
(1:4000)  of  the  B ue  Mountains  of  Oregon  and  Washington  was  employed.  The  analysis  of 
hundreds  of  sample  plots  revealed  that  stands  with  high  probability  of  defoliation  were  at  lower  elevations, 
southeastern  exposures,  on  or  near  ridge  tops,  open  grown,  multistoried  or  of  high  density.  The 

or^ohilill”  presence  of  any  of  these  characteristics  influents  the 

pr^abihty  of  defoliation.  Such  research  appears  particularly  relevant  under  the  current  trend  towards 
mtensive  forest  management,  which  requires  the  prevention  or  control  of  insect  outbreaks.  This  is  an 
Ircated?'  beyond  the  traditional  question:  "How  extensive  is  the  damage  and  where  is  it 

selective  in  our  choice  of  problems  and  will  have  to  concentrate  on  the  major 
^ k which  is  currently  the  most  destructive.  Also  we  should  single  out  those 

ntwwf  Prob'ems  are  identified.  We  should  perhaps  devote  less 

noneconomic  terms^^^  systematic  approach  to  damage  identification  and  to  the  estimation  of  damage  in 

In  fire  protectiori  one  of  the  important  contributions  will  be  in  fuel-type  mapping,  that  is  in  the 
groups  of  stands  with  uniform  fire  behaviour  characteristics.  Such  information  is  required  for 
proper  manc^ement  planning  and  for  allowing  fast  decisions  on  the  method  of  attacking  fires.  Fuel-tvoe 
mapping  includes  the  mapping  of  recent  burns,  cutovers  and  cover  types,  and  the  problem  approaches  the 
■ ?k-f.-  inventory  requirements.  Digital  interpretation  of  Landsat  data  offers  distinct 

possibilities  and  recent  advances  are  described  at  this  symposium  (Kourtz,  1977). 

1 Another  area  of  great  importance  is  the  application  of  scanners  during  fire  control  to  guide  fire 

‘Tk  ^°9ether  with  fuel-type  mapping  are  the  most  important  applications 

and  appear  more  rewarding  than  further  developments  in  fire  detection. 

ENERGY 

^orestry  follows  from  the  current  and  projected  shortages  in 
♦i?»  bqu id  fuels;.  In  the  past,  the  traditional  answer  to  this  problem  has  been  to  expand 

mnnv  n "^^^lear  power.  This  approach  has  become  increasingly  unattractive 

h ®°  ‘^“"Vincingly  argued.  Costs  are  too  high  and  capital  markets  are 

disrupted  by  the  tremendous  investments  required;  the  environmental  penalties  of  large  capital  projects  are 
® results  involve  such  unpleasant  consequences  as  major  centralization  of 

“ woHc.  of  subsidies,  regulations  and  state  intervention.  These  arguments  have  been  noted 
by  governments  and  interest  is  growing  in  alternate  solutions  of  the  energy  problem,  which  involve 
-^^1®  renewable  resources.  The  use  of  biomass,  including  forest  biomass,  will  play  a 

r potential  is  there:  data  presented  by  Earl  {1975,  p.  43)  show  that  only  13%  of  the 

oniC  incrernent  is  harvested.  Fifty-one  percent  of  the  world’s  increment  is  in  the  tropics,  and  there 

th  ^ harvested.  *n  1970  over  90%  of  the  world's  energy  consumption  derives  from  nonrenewable  fuels. 
Yet  the  maximum  possible  energy  production  from  available  wood  and  charcoal  is  slightly  larger  than  total 

world  energy  consumption  in  1 970!  (Earl,  1975,  p.  19-21). 

„L  '■efTiote  sensing  community  the  broad  outlines  of  the  task  to  be  met  have  appeared.  It  will  be 

necessary  to  support  national  planning  and  policy  development  and  macro-economic  studies.  These  require 
assessments  of  supply,  climate  and  soil  as  well  as  estimates  of  biomass  production  under  various 
iTian^ement  alternatives  and  predictions  of  harvesting  and  transportation  costs.  A good  indication  of 
problems  and  possible  initiati^ves  can  be  found  in  the  Proceedings  of  the  recent  Energy  Research  and 
Dpvelopment  Conference  held  in  Reston,  Virginia,  this  February,  under  the  sponsorship  of  the  Energy 
Research  and  Development  Administration;  potential  sources  of  biomass,  possible  production,  management 
alternatives,  technical  feasibility  and  costs  were  considered. 

sensing  will  be  called  upon  to  produce  reliable  estimates  of  available  biomass.  Some,  but  not 
enough,  such  studies  have  been  made  in  forestry;  they  appear  to  be  more  common  in  agriculture.  As  an 
irj|teresting  renrote  sensing  application  note  the  recent  work  by  Pearson,  Tucker  and  Miller  (1976)  in  which 
a raorne  MSS  imagery  was  combined  with  data  from  hand-held  cameras  to  provide  estimates  of  grass  cover 

than  in  grasslands;  studies  will  have  to  go  far  beyond 
The  challenge  is  to  combine  modern  remote  sensing  techniques,  and  in 
S'®  7^®"  ®"‘^  profi  ing  lasers  mtst  be  i^luded,  with  the  traditional  photogrammetric  approaches  to 

Y®*®®'®  with  the  mass  of  scientific  data  on  weight  and  fibre  content  of 

individual  trees  arKi  shrubs* 
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MONITORING 

The  requirements  for  remote  sensing  to  contribute  in  forest  invf^ntrtriAe  ^ • 

management,  protection  and  the  search  for  energy,  stress  established  forestrv  no  intensive  forest 

to  environmental  objectives.  For  instance  the  mnndntr.ru  ct  d-  goals.  These  are  often  close 

ir/s ;redire^v“^^^  ^’mLrris 

species,  on  vegetation  as  a wildlife  habitat  ond  An  th#»  changes,  such  as  more  emphasis  on  rare 

?KL:,xr';rjrrdS^^ 

Wittgenstein  and  AlHmdn97<^^  tK:^  * ■ in  Canada,  concepts  are  discussed  by  Sayn- 

argu^n^^  Pnorities  because  there  can  no  longer^^bX 

early  warning  of  developing  problems  and  to  understand  the*  t^^  forest  environment,  both  to  receive 

CONCLUSIONS 

particular.  The  current  state  nf  thr^n?t  • ^ ^ * '*  remote  sensing  and  with  Landsat  in 

This  “P7'"'r  »".!  -I  cop»lid,,ion  of 

fact  that  future  demand  for  wood  products  will  eveeed  th  'o  forestry.  Most  of  these  evolve  from  the 

increased  competitian  for  the  use  of  forest  land  Inrreaf-  ^‘^PP  ^ occessible  wood  and  from 

follow,  accompanied  by  requfrements  Vo  oro  ect  Vel^.r!.  ^ information  on  supply  will 

intensive  management.  Furthermore  there  is  on  in^n^f*hi'"'^  to  support  silvicultural  operations  and  more 
both  economic  and  environmentoT^e™  'nd.sputable  requirement  for  global  monitoring  systems  for 


I. 


2. 


The  following  tasks  emerge  as  high  priorities: 

Irnprove  forest  inventory  information  at  global,  national  and  regional  levels. 

resour^eloTemtrdScan^^^^^^^^  u"selTt‘’'‘"“""d  P°'"»  ^^ere 

Anderson's  scale  This  wfl I f ^ used  to  provide  reliable  land  classification  at  Level  II  of 

posS"acrur!icV.^^  high 

rHla?LSSit 

but  has  not  yet  been  reached.  objective  is  a minimum  goal  which  is  probably  feasible, 

managel*ntTSo^^^^^^^^^  sensing  methods  which  support  intensive  forest 

development  of  multistage  sampling  ^tS^nSl^l^ 


*KSo^i“RS“9^  '^^riculture  Organization  of  the 
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TABLE  2.  STATUS  OF  CANADIAN  FORESTRY  SERVICE  LANDSAT  APPLICATIONS. 


Status  as  estinrKited  in 

Likelihood  of  Success 
as  estimated  in 

Problem  Area 

March  74 

Sept  75 

March  77 

March  74 

Sept  75  March  77 

1. 

Broad  cover  type  mapping 

R 

P-Of 

Df 

H 

H 

H 

2. 

Arctic  vegetation  mapping 

R 

R 

R ■ 

^ M 

Hf 

Mf 

3. 

Land  classification,  drainage 

D 

D-0  f 

D+ 

H 

H : 

Mf 

4. 

Timber  volume  estimation 
(multistage  sample) 

R 

R 

' Ri 

: ' r 

H 

H 

M + 

5. 

Revegetation  on  burns 
and  cutovers 

R 

R 

R-Df 

H 

^ 1 

H 

H 

6. 

Fuel-type  mapping 

R 

0 + 

! 

D + 

1 

H 

H 

7. 

Phenological  monitoring 

R 

R 

R 

M 

M 

M 

8. 

Snow  melt  patterns 

r‘ 

R 

R!  . i 

'1  L ■ 

L 

9. 

Mapping  clearcuts 

! D 

D-0  f 

D-0 

H 

H 

H 

10. 

Monitoring  of  other  human 
activity  (roads,  seismic 
lines,  hydro  lines) 

R 

R 

R 

" 1 

. M 

M 

II- 

Mapping  recent  burns 

D 

0 + 

0 

1 ^ 

H H 

(in  most  cases)^ 

H 

12. 

Damage  (non-fire)  large 
severe  kills 

R 

D-0  + 

Dt 

M 

Ht 

Mf 

13. 

Damage  — other  defoliation 

R 

R 

R 

L 

M t 

L + 

14. 

Land  slides 

R 

R 

R 

L 

L 

L 

15. 

Mapping  flooded  areas 

0 

0 

0 

H 

H 

H 

Status:  R research,  D - ready  for  demonstration,  0 operational. 

Arrows  indicate  upward  or  downward  revision  from  previous  entry. 


photography  and  the  evaluation  of  profiling  lasers.  Remote  sensing  also  has  to  pay  much  more 
attention  to  the  monitoring  of  the  successes  of  silvicultural  activities,  particularly  of  those  involving 
reforestation,  land  rehabilitation  and  improvement. 

3.  In  forest  protection  the  need  is  to  concentrate  far  more  selectively  on  the  major  insect  pests  and 

on  situations  where  something  can  be  done  about  problems  that  are  identified.  There  should  be  less 
attention  paid  to  damage  assessments  in  purely  scientific  or  biological  terms  and  more  to  economics. 
In  forest  fire  protection  the  priorities  are  fuel-type  mapping  and  fire  mapping. 

U.  Forestry  should  participate  actively  in  national  and  global  environmental  monitoring  schemes. 

Such  schemes  require  inventory  infornration  as  a baseline  for  the  measurement  of  changes  and  also  as  a 
b«Bis  for  understanding  the  significance  Of  these  changes.  Therefore  we  should  try  to  ensure  that  these 
schemes  are  compatible  with  forest  inventory  data.  This  means  common  definitions,  common  data 
grids  and,  wherever  justified,  collection  of  common  information.  Ideally  we  could  then  arrive  at 
systems  which  link  forest  resource  inventories  with  monitoring  systems  somewhat  as  the  more 
advanced  forest  inventories  link  temporary  and  permanent  sample  plots. 


5.  An  immediate  opportunity  exists  to  contribute  usefully  to  the  solution  of  energy  problems.  In 

forestry,  remote  sensing  has  two  tasks:  one  is  to  improve  the  current  approaches  to  the  estimation  of 
biornass  and  the  other  to  support  rnocro-econOmic  studies  of  wood  and  biomass  production  under 


various  management  policies. 
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REMOTE  SENDING  IN  RANGELAND  MANAGEMENT: 

AN  OVERVIEW  OF  Al-PLICATIONS  AND  BENEFITS 

David  M.  Cai-ii^Pigle 

U.S.  Geological  Survey 
Sioux  Palls,  South  Dakota 

SUMMA'Ry 

4-  sens-’ng  has  been  available  to  range  managers  since  the  late  1930 's 

to  assist  In  mapping  and  preparing  Inventories  of  the  range  resources. 
Initially,  only  black  and  white  aerial  pVibtographs  were  available,  but  subse- 
quently color,  color  infrared,  inultispecttral,  and  multistage  photography  and 
Imagery  have  become  available.  This  papet*  reviews  the  users  and  uses  of 
remote  sensing  in  range  management  and  assesses  its  benefits  and  future  uses. 

utilization  of  aerial  photographs  were  hindered  by 
acquisition  and  interpretation  relative  to  conven- 
tional ground  techniques  and  the  low  value  associated  with  the  forage  resource. 
However,  recent  multiple-use  land  management  legislation  and  the  relatively 

ground  based  inventory  techniques  have  caused  range  ' 
managers  to  more  fully  use  remotely  sensed  data. 

In  the  past  few  years  federal  land-  management  agencies  in  the  United 

to  acquire  detailed  resource  infoi^matlon  to  support 
^ management  activities  and  assess  impacts  associated  with 

grazing,  strip  mining  and  development  of. facilities.  As  a result  agencies 
such  as  the  Bureau  of  Land  Management,  Fish  and  Wildlife  Service,  and  the 

using  color  and  colqr  infrarbd  aerial  photographs  to  inven- 
tory, asseso  and  monitor  range  resourced.  For  example,  the  Bureau  of  Land 
Management  has  recently  completed  a surface  Inventory  of  15,000  square  miles 
in  southeastern  Montana  and  western  North  Dakota  using  color  Infrared  photo- 
graphs at  a scale  of  1:40,000  and  1:80,000.  ^ 

^ In  other  regions  of  the  world  where  range  management  practices  are  less 
intensive,  management  agencies  are  using  Landsat  Imagery  in  conjunction  with 
aerial  photographs  to  prepare  baseline | inventories . Utilization  of  Landsat 
imagery  by  the  Agency  for  International  Development,  United  Nations  Development 
Program,  the  United  Nations  Food  and  Agriculture  Organization,  and  private 

'demonstrates  a trend  of  increasing  acceptance 
based  data.  For  example,  a recent  range  inventory  in  Iran  incor- 
porated  the  analysis  oi  Landsat  and  aircraft  data  with  ground  sampling  to 
estimate  rangeland  productivity.  “ 

classification  techniques  using  Landsat  data  have 
eveioped  rapa.dly.-,-^and  offer  mijch  promise  for  rangeland  management.  These 
techniques^are  particularly  useful  for  making  national  or  regional  rangeland 
nven  orleo  and  for  preparing  vegetation  maps  where  baseline  resource  data  are 

Alaska  detailed  maps  of  vegetation  cover  do  not 
exist,  consequently,  the  Bureau  of  Land  Management  is  testing  the  use  of 

techniques  using  Landsat  data  to  prepare  more  accurate 
vegetation  maps.  The  extent  to  which  these  techniques  are  utilized  in  range- 

f°verned  by  a)  the  requirement  to  produce  resource  maos 
i ^ which  cannot  be  derived  from  Landsat  data,  b)  the  avalla- 

analytical  equipment  and/or  services,  and  c)  the  availa- 
personnel  to  use  these  techniques  or  evaluate  the  results  of 
these  techniques  when  performed  by  an  Independent  contractor. 

economic  studies  have  forecast  large  benefits  from  using  remote 
avnmn?!  range  Inventory,  monitoring,  and  forage  condition  assessment.  For 
example,  a recent  (1974)  study  by  the  Earth  Satellite  Corporation  and  the 


Booz-Allen  Applied  Research  Corporation  titled  "Earth  Resources  Survey  Benefit  • 
Cost  Study:  Economic,  Environmental  and  Social  Costs  and  Benefits  of  Future 

Earthi  Resources  ^uryey  Systems",  prepared  for  the  U.S.  Department  of  Interior, 
Geological  Survey  predicted  annual  benefits  of  9.0  to  30.6  million  dollars  in 
range  management.  Of  these  benefits,  5.6  to  22.^1  million  dollars  are  attri- 
buted to  range  monitoring,  a remote  sensing  application  which  has  received  only 
limited  acceptance  to  date  by  range  managers.  The  author  generally  agrees  with 
the  conclusions  reached  by  these  studies,  but  he  feels  that  the  magnitude  of 
benefits  to  accrue  In  rangeland  management  in  the  near  future  may  be  somewhat 
less  than  projected. 


“ positioned  above  the  equator  at  75°  West  longitude  and  SMS-2 

fein  ^ satellites  carry  a two-diannel  Visible  and  Infrared 

^SSR)  that  provides  day  and  nic^t  (infrared  channel  cfily)  imaaina  of  a 
Hemisphere.  Visible,  1 to  8-km  resoluSoS^naS^  (5M 
infrared  8-km  resolution  imagery  (10.5  to  12.^n)  are  routine^  ^Sli  SeS  S 

i 3.  CURRENT  APPLICATIONS  AND  PRCCUCTS 

arv^  ^ VISSR  are  processed  and  made  available  to  the  operatiaial 

ccmmunities.  Such  data  and  data  products  discussed  below  can  be^ained  by 

Satellite  Data  Services  Branch 
Envixonniental  Data  Service  (EDS) 

National  Oceanic  and  Atmospheric  Administration 
Washington,  DC  20233  U.S.A. 

inn  cxjntrol  techniques  applied  to  provide  an  effective  Sea  Surface  Tferoerature  fqsrl 

addltinn  irvi'  both  hemispheres.  Fig.  1 is  an  exanple  of  the  QOSSTCCMP  product  In 

observations,  other  products  generated  include:  (1)  global  LalySd 

SlSS^ielT  lS  n?"  s^age,  (2)  hard  copy  displays  of  po^^  of  ttdT 

anaiyzea  rieid,  and  (3)  a permanent  archive  to  EDS  of  the  analyzed  field. 

shewn  in  Pig.  2-a  serves  as  the  data  source  for  several  products  * 
life  ^cles  of  both  cyclonic  and  anticyclonic  eddies  are  conducteTfeOT  genesis 

°bserved  and  describes  i^  te^^dSeSf 
separation,  drift,  recapture,  and  destruction  over  periods  as  long  as  a year.  opnen  , 

ciP  SP®  are  used  also  <^«rationally.  Fig.  2-b  is  an  exaitple  of  the  weekly  NCIAA/^NESS 

Mf  Stoe^  Analysis,  derived  from  analysis  of  several  days  ^ibSS^ 

and  mail.  OMs  product  is  used  by  fisLries;1^iSre  tre^SSc? 

o'  tho  u-s-  sard 

I Another  major  VHRR  derivative  is  sea  ice  analysis.  Marming  of  ice  coverage  in  hn<-h  t-ho 

Antar^chas  been  accatplished  since  the  early  1960 's,  but  with  ^ 1-km^solution 
liJarro  nf  pi^ucts  describing  ice  l^'pe  and  boundaries  are  prepared.  Pig.  3-a  is  a VHRR 

other-  Strait  and  Chukchi  Sea  region  and  the  analysis  from  this  and 

^.imges  shewn  re  Fig.  3-b.  Although  the  ice  thicknSs  cannot  te  S^cU^  iJing 

analyst's  exoSie^  to*^s  ofj^  picture,  v*en  combined  with  multiple  images  and  the 

analyst  s experience,  can  provide  gcxjd  estimates  of  the  age  and  thickness  of  the  ice. 

meteorolo^iSl^^E,Mo^-^“  ^ environmental  satellites  designed  primarily  for 
re^rological  plications  is  certain  to  continue  over  the  next  -iust  as  it  has  dnrinrt 

^s_d^.  ^ p^rs  ly  Heacock  (1977) , Leese  (1977) , anS^nS77)1i^s  ^ 

®d  uture  status  of  ^ meteorological  satellite  effort,  a status  which  includes  an  ever  in- 

The  joint  evolution  between  the 

the  transition  fran 

^lS^SeSiOh*4  ^ requirements  to  niai-ine  operations.  These  future  satellites  are  present- 


The  warm  Gulf  Stream  shews  dark  in  this  image,  vdiile  cooler  water  is  lighter  in  tone. 
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4,  1978  - A SPACE  KX3JS  FOR  OCEANOLOGY 


Hie  majority  of  earth- -oriented  sensors  that  have  provided  data  fron  space  on  the  oceans 
have  been  multi-discipline  sensors,  responding  to  reguirenents  from  several  scientific  or  user 
rtlated  interests.  Two  NASA  satellites,  the  SEASAT-A  and  Nimbus-G  spacecraft,  will  carry 
instruments  solely  dedicated  to  oceanic  measurements.  A third  satellite,  TlRDS-N,to  be  launched 
by  NASA,  will  beccme  the  operational  proto-type  for  polar-orbiting  spacecraft,  replacing  the 
current  NQAA  series.  The  merging  of  results  from  these  three  systans,  all  scheduled  for  1978 
launches,  will  create  a sharp  focus  on  the  potential  of  space  for  specific  oceanic  data  needs. 

outcome  of  this  focus  »dll  inpact  the  selection  of  sensors  for  marina  operations  in  the 
mid-80's.  Hiis  section  briefly  describes  these  ocean  sensors  on  the  specific  spacecraft  and 
the  next  section  will  deal  with  potential  ^plications  and  experiments. 

4.i  THE  DEDICATED  OCEANIC  SENSORS 

A May  , 1978,  launch  is  planned  for  SEASAT-A  vhich  will  ortxit  in  a ncxi-sun-synchronous, 

800  km  altitude,  108®  inclination  orbit.  As  such  it  will  not  have  the  usual  polar  coverage  of 
many  earth-observational  satellites.  Hcwever,  the  ccnpanion  satellite,  Ninbus-G,  will  have 
pplar  coverage  (99.28  inclination)  with  its  955  km  altitude  sun-synchrcmous  orbit.  Equatorial 
ground-track  separation  for  successive  orbits  on  both  satellites  exceeds  2700  km.  The  orbit 
of  Nimbus-G  repeats  every  5.7175  days  as  ccnpared  to  152  days  for  SEASAT-A.  This  SEASAT-A 
orbit  will  have  a nominal  ground  track  grid  separation  of  18.5  km  at  the  equator. 

' Six  oceanic  sensors  will  be  on  SEASAT-A  and  Niitibus-G.  Four  are  microwave  instruments  of 
vAiich  three  are  active.  Three  instruments  are  passive  radicmeters,  two  operating  in  the  visible 

infrared  region,  and  the  other  in  the  microwave  region.  The  latter  instrument  is  designated 
as  the  Scanning  Multichannel  Microwave  Radiometer  (SMMR) . Identical  S^»lR's  will  be  on  both 
SEASASVA  and  Nimbus-G.  To  summarize,  the  five  SEASAT-A  instruments  include  a radar  altimeter, 
a Seasat-A  Scatterometer  System  (SASS) , a Synthetic  iperture  Radar  (SAR) , a Visible  and  Infrared 
Radiometer  (VIR)  and  the  SMMR  previously  noted.  * Ninbus-G  ^11  carry  two  passive  oceanic  instru- 
ments,: the  SMMR  and  the  Coastal  Zone  Color  Scanner  (CZCS) . 

The  instrumentation  on  SEASAT-A  was  discussed  by  both  McCandless  (1975)  and  Sherman  (1975) 
at  the  Tenth  International  Synposium  on  Renote  Sensing  of  Environment.  Details  of  the  CZCS  are 
presented  by  Hovis  (1977)  in  this  Eleventh  Synposium.  For  this  reason  only  a sunmary  of  the 
four  micrcwave  instruments  and  the  Ocean  color  sensor  is  given  here. 

A short  pulse  (3  nanoseccnds)  radar  altimeter  operating  at  13.5  GHz  frequency  was  the  first 
instrument  selected  for  SEASAT-A.  Because  the  sensor  looks  only  at  nadir  (its  swathwidth  is 
betareen  1. 8 and  12  km,  depending  on  sea  state) , the  orbit  of  SEASAT-A  has  been  tailored  to 
support  the  geodesy  requirements  of  the  altimeter.  The  precision  of  the  altimeter  measuranent 
isi  expected  to  be  10  cm  rms  over  seas  with  a significant  wave  height  from  calm  to  about  20  m. 
Precise  spacecraft  tracking  is  needed  for  geodesy,  currents  and  storm  svurge  analyses.  Process- 
ing of  the  altimeter  pulse  will  yield  an  estimate  of  significant  wave  hei^t  to  ±0.5  m or  10% 
viiichever  is  larger  over  seas  from  calm  to  20  m. 

The  SASS  is  an  active  micrcwave  instrument  which  illuminates  the  sea  surface  with  four- 
fan  shaped  beams  (two  orthogonal  beams  each  500  )on  wide  on  each  side  of  the  sEASAT-A  ground- 
track).  The  amount  of  energy  returned  prov-ides  an  estimate  of  surface  wind  magnitude  and  direc- 
tion. The  transmitted  frequency  is  14,6  GHz  with  the  returned  energy  shifted  sli^tly  due  to 
dcppler  effects.  The- Appier  shift  aids  in  establishing  a spatial  resolution  of  50  km  over  a 
re^on  from  230  km  to  730  km  on  either  side  of  the  spacecraft.  Surface  winds  are  to  be  deter- 
mined to  +2  nv'sec  or  10%  in  magnitude  and  +20°  in  direction.  With  less  precision  the  SASS  can 
lAsasure  winds  out  to  960  Jon  from  the  spacecraft.  The  range  of  winds  to  be  measured  is  from  3 
tOi  25  rt(/sec. 

* SEASAT-A  will  also  carry  a laser  retroref lector,  and  tracking  beacons  for  precise  orbit  deteim-r 
iiTaUTO  but  will  not  be  discussed  here.  The  VIR  is  identical  to  the  NQAA  series  SR,  except  for 
modification  for  orbit  altitude  change  and  a digital  down-link  tadlored  for  the  signals  associ- 
ated with  surface  phenoaena,  rather  than  clouds.  VIR  is  on  SELASAT-A  for  feature  identification, 
2Uid  will  not  be  discussed  further. 

*^  The  non-ooeanic  instnxnents  on  Nimbus-G  include  the  Earth  Radiation  Budget  (ERB)  radiometer, 
the  Limb  Infrared  Monitoring  of  the  Stratosphere-  (LIMS)  sensor.  Stratospheric  Aerosol  Meaisure- 
ment  (SAMII)  sensor,  the  Solar  and  Backscatter  Oltraviolet/Total  Ozone  M^ing  System  (SBUVKMS), 
and  the  Tenperature-Himidity  Infrared  Radiometer  (THIR)  . 
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^ I<7b^  (1.275_^)  ^ will  Icxjk  to  the  starboard  side  of  SEASMVA  centered  20° 
o«  wxth  a srathwidth  of  100  km.  The  length  of  the  track  is  determined  by  the  receive- 

station-yxew  duration  with  4000  km  being  the  maximum.  A spatial  resolution  of  25  m needed  for 
a^yses  will  gyrate  a very  high  data  rate  so  that  on-board  recording  will  not  be  used 

(North  Carolina) , Goldstone  (Califotnia) , and  Fairbanks’ 
rollected.  Waves  and  wave  spectra  to  oceanic  wavelength  of  50  m or  greater  can 
with  sea  ice  features,  possible  iceberg  detection,  wave-land  inter- 
races  ana  penetration  to  the  surface  throu^  major  storms  such  as  hurricat^es. 

carry  the  S»IR  sensor  curating  at  frequencies  of  6.6,  10.7,  18,  21 
axl  J7  CHz.  The  spatial  resolution  ranges  from  about  100  km  at  6.6  GHz  to  22  km  at  37  GHz 
llie  three  primary  classes  ^ of  data  ctotained  fron  SMMR  are  Sea  Surface  TemperatuxeL  (SST)  sea 
WMds.  Liquid  water  and  water  vapor  are  potentially  neasureable  as 
^ win  be  used  to  formulate  pathlength  attenuation  corrections  for  the  altimeter  and 
SASS,  respectively.  SST  is  to  be  neasured  to  ±20  k,  an  important  first  step  to  determining  SST 
under  cloudy  sJqr  conditions.  The  magnitude  of  the  surface  ’.vinds  will  be  measured  to  +2  n/sec 
dr  10*  fron  7 it/sec  to  atout  40  to  50  it/sec.  Uie  SEASAT-A  SM®  will  scan  the  starboard  side  of 
tte  spao^aft,  aft- viewing,  with  a constant  42°  angle  from  nadir.  Hie  scan  angle  is  from  about 

0 to  50°  from  the  aft-starix«rd  resulting  in  a swathwidth  of  about  600  km.  The  Ninbus-G  S»R  will 
also  scan  at  a constant  42  angle  from  nadir  but  will  look  forward  and  scan  +25°  with  respect  to 
the  groundtrack.  The  resulting  ^athwidth  is  about  725  km.  Hie  42°  angle  frm  nadir  for  both 

systans  gives  a constant  45°  angle  of  incidence  at  the  surface  due  to  the  earth's  curvature. 
The  SEASAT-A  SW®  coverage  was  chosen  for  maximum  overlap  with  SASS. 

Data  from  the  microwave  sensors  will  be  recorded  on-board  and  telaietered  to  one  of  the 
previoi^ly  noted  receiving  stations.  Hie  exoepticn  will  be  the  SAR  data,  vdiich  can  only  be 
transmitted  directly.  Hence,  global  coverage  is  from  three  of  the  four  microwave  instruments 
on  SEASAT-A  and  the  SW®  on  Nlmbus-G. 

quantitative  measurement  of  ocean  color  will  'je  available  in  four  high  spectral  reso- 
lution (20  nm)  channels  of  the  six  channel  CZCS  on  Nrabus-c.  jhe  two  ranaining  channels  provide 
data  on  surface  features,  one  for  SST  and  the  other  for  land-sea  interface  definition  and  ocean 
surface  ancmalies.  The  channels  are  centered  at  443,  520,  550,  670,  and  750  nancmeters  and  at 
11.5  micr^t^.  The  surface  resolution  is  cpprox.*mately  825  meters  and  the  total  swathwidth 
exoee^  1500  km.  Hie  scanner  mirror  can  be  tilted  in  20  increnehts  forward  or  backward  thrtjugh 
a maxuium  of  20°  with  respect  to  nadir  about  the  spacecraft  pitch  axis.  Hiis  in  avoidinc 
sun  glitter.  ^ 

4.2  TIKOS-N  OPERATIONAL  SENSORS 

1 Hie  third  generation  of  polar  orbiting  cperational  environmental  satellites  will  be  the 
TI^-N  system.  It  is  design^  to  provide  iirproved  data  for  meteorological  warning  and  pre- 
diction, oceanic  and  hydrologic  services,  and  space  environmental  monitoring.  Hie  on-board 
array  of  sensors  consists  of  atmospheric  sounders,  including  microwave,  infrared,  and  near  in- 
frared;  space  environmental  monitors;  high  resolution  infrared  radicmeters;  and  data  collection 

® ,°™  location.  Only  the  latter  two  systems  will  bediscussed  in  this  paper,  although  the 
cpplication  of  sounders  to  marine  prednoticai  is  fundamental  to  the  long-range  oceanic  effort. 

The  Advanced  Very  Hi^  Resolution  Radiometer  (AVHRR)  will  replace  both  the  SR  and  VHRR  on 
^ current  NQAA  serieg  Initially,  the  AVHRR  spectral  channels  will  be  (1)  550  - 900  nm  for 

d^rtime  cloud  m^iping,  (2)  725  - 1000  nm  for  surface  water  delineation,  (3)  3.55  - 3.93/ 

7 12.5  micrcmeters  for  day/ni^t  cloud  and  sea  surface  tenperature. 
Tne  rifth  channel  will  not  be  included  on  the  first  TIHOS-N,  but  is  being  considered  for  sub- 
seqiMnt  op^aticmal  use. 

The  data  from  AVHRR  will  be  available  in  four  modes: 


1. 


2. 


Continuation  of  the  APT  class  operation  for  direct  readout  to  ground  stations  on  a 
world-wide  bcisis  with  4-kin  spatial  resolution  for  any  two  channels  (channel  selection 
controlled  at  Suitland,  M3.).  An  inportant  inprovement  over  cnrarent  APT  capability  will 
be  the  romoval  of  panoramic  distortion. 

Direct  readout  to  ground  stations  with  appropriate  digital  receiver  c^>ability  on  a 
world-vdde  basis  of  all  channels  with  1.1-km  spatial  resolution  of  the  High  Itesolution 
Picture  Transmissicxj  (HRPT) . ^ 


3.  Centrally  processed  digital  and  imagery  data  (Suitland,  Md.)  for  a global  record  at 
4-km  spatial  resolution  on  edl  channels. 

*This  first  channel  is  bo  be  narrowed  to  550  - 700  nin  after  the  first  fli^t. 
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4.  On-board  digital  recording  of  selected  geogr^hical  areas  at  1.1-km  spatial  resolution 
for  potentially  all  channels.  Spacecraft  Recording  is  limited  to  a maximum  of  one- 
quarter  oitoit  per  orbit. 

Hie  TIROS-N  series  will  include  a new  c^ability  for  cperaticnal  polar  satellites,  namely, 
a Data  Collection  and  Platform  Location  System  (DCPIS) . It  allows  for  the  on-board  recording 
of  telemetered  environmental  in-situ  data  from  fixed  and  moving  platforms  for  subsequent  trans- 
missicn  to  a centred.  Processing"  facility.  Dealer  processing  of  the  telemetered  signal  will 
allcw-the  location  of  the  platform  for  velocity  determination.  Table  1 shows  the  hey  features 
of  DCPIS.  Hie  current  plans  for  agreement  among  the  Centre  National  d'Etudes  Spatiales  (CNES) , 
NRSA,  and  NQAA  calls  for  France  to, be  re^xansible  for  the  space  hardware  and  data  processing. 

: TABLE  1.  DCPIS  PARAMETERS 

P^ameters  Value  Platform  Paraneters  (typical) 

Data  bit  error  rate  10-5  to  10-6  Frequency  401.64  MHz 

lotion  accuracy  5-8  km  rms  Emitted  power  3 W 

Wind  speed  accuracy  ±3  irps  Bit  j-ate  400  Bps. 

Visibility  circle  50  elevaUon  Message  duration  400  ms. 

No.  of  platforms  in  circle  200  max.  Message  repetitioi  period  60-80  sec. 

Total  platforms  over  glebe  2000  max. 

*Nunt)er  of  platforms  requiring  location,  velocity  determination,  and  telemetering  four  sensor 
channels,  visible  in  a 5°  visibility  circle.  Actual  nunber  will  depend  on  mix  of  platforms, 

4.3  DATA  AVAILABILITY 

The  SEASAT-A  instrument  ensemble  will  provide  95  percent  global  coverage  in  36  hours  for 
siraaoe  vrinds,  ten^i^ature  and  waves.  Ninbus-G  is  comparable  and  TIHOS-N  is  twice  daily. 

Ihe  s^tial  resolutions  associated  vdth  each  instrument  in  the  above  description  are*  viewed  in 
a different  manner  vhen  ooipled  with  the  swathwidth  and  orbital  velocity  to  define  an  equival^ce 
with  regard  to  in-situ  data. 


TABLE,  2i  BQUIVAIiENT  IN-SITU  SEASAT-A  DATA 
REPORTS  PER  DAY  , 


Parameter 

Real-Time 

Non-Real-Time 

Winds 

Vector-SASS 

115,000 

192,000 

Magnitude-SM®* 

106,000 

177,000 

{ every  50  km) 

- 

Waves 

Hi/2-Altimeter 

36,000 

60,000 

(every  6.7  km) 

SST 

Tenperature-IEMMR 

46,000 

77,000 

*The  SWR  data  shown  is  ^proximately  doubled  if  the  data  from  Nimbus-G  and  SEASAT-A  are 
oembined. 


! These  equivalences  are  noted  in  Table  2 and  represent  near-instantaneous  spatial  averages 
rather  than  point  source  data  tenporally  averaged.  Hie  significant  increase  in  data  avail- 
^ility  illustrates  the  inportance  of  both  the  satellite,  technique  and  maintaining  and  improving 
the  situ  collection  methods.  Rigorous  calibration  of  the  satellite  requires  the  surface 
program  while  the  surface  program  is  extended  spatially  by  the  satellite. 

I Hie  czes  is  currently  scheduled  for  ip  to  16  minutes  of  acquisition  time  per  orbit.  With 
13.8  orbits  per  day,  room  than  200  minutes  of  CZCS  data  and  iragery  will  be  available  daily. 

Hiis  is  more  than  1^10  km^  per  day  . Hie  CZCS  data  will  be  received  at  the  three  SEASAT-A 

stations  cited  previously  and  at  Madrid,  Qrroral  and  Saritiago*  All  CZCS  data  will  be  processed 
at  the  NASA  Goddard  Space  Flight  Center  (GSPC). 
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Archiving  and  distributuion  for  TIROS-N,  SEASAT-A,  and  Niirbus-G  marine  data  vd.ll  be 
performed  by  the  NOAA  Environmental  Data  Service  (EDS) . Data  vd.th  approximately  a 10  to  12- 
day  delay  from  time  of  aoguisition  may  be  obtained  from  EDS  beginning  on  or  about  September  1978 
for  SEASAT-A.  Initial  data  may  be  quite  limited  geogr^hically.  After  launch  there  will  be 
atlldbst  a 3-month  process-proving  period  in  vhich  the  sensor  electrical  units  are  converted 
to  geophysical  units  for  SEASAT-A.  TIRDS-N  and  Nimbus-G  data  vd.ll  be  available  after  appropriate 
checkout  ahd  verification.  When  such  research  data  are  ready,  it  vd.ll  be  available  on  a user— 
reinhursable  basis  from  the  Satellite  Data  Servicses  Branch  (SDSB)  vhose  adciress  was  cited  in 
Sechion  3. 

A special  comment  on  the  availability  of  SAR  data  is  appropriate.  Current  plans  are 
to  cnllech  data  from  400-1500  orbits  during  the  first  year  of  SEASAT-A  operations.  Of  these 
orbits  i 260-10  minute  passes  vd.ll  be  processed  to  imagery  for  a total  of  about  2600  minutes  of 
<3ata  the  first  year.  Thus,  vhile  the  other  sensor  data  vd.ll  be  vddely  available  to  the  marine 
cxmiunity,  SAR  data  will  be  <]uite  limited. 

Ebr  those  users  requiring  engineering  data  recxards  rather  than  the  geophysical  data  from 
SDSB,  inquiries  should  be  directed  to: 

Dr.  James  A.  EXmne 

Ocean  Ebperiments  Manager 

SEASAT-A  Projech 

Jet  Prcpulsion  laboratory 

4800  Oak  Grove  Dri.ve 

Pasadena,  California  91103  U.S.A. 


5.  OCEANIC  MONITORING 

The  apray  of  instruments  to  be  available  on  satellites  beginning  in  1978  and  beyond  vdll 
offer  a unicjue  opportunity  to  marine  users.  This  section  discnisses  selected  applications  and 
potenticil  uses  of  data  from  SEASAT-A  and  Nimbus-G.  All  these  1978  instrtments  have  a direct 
heritage  from  other  earth-orbiting  satellites,  except  for  SAR.  Because  TIROS-N  data  will  be 
improved  but  similar  to  that  of  the  NOAA  series,  applications  of  TIRDS-N  vdll  not  be  discussed,, 

5.1  RADAR  ALTIMETER 

. The  manner  of  interaction  of  the  very  short  radar  altimeter  pulse  with  the  ocean  surface  is 
illustrated  in  Fig.  4.  The  swathwidth  assigned  the  altimeter  is  the  time  for  the  altimeter 
returned  pulse  to  reacdi  maximum  signal  strength,  and  thus  depends  directly  on  the  significant 
wave  height,  or  "sea  state".  This  rise  time,  for  greater  wave  heights,  is  stretched  in  direct 
proportion  to  the  height  probability  density  function. 

The  SEASAT-A  altimeter  adso  will  measure  the  distance  between  the  sea  surface  and  the 
satellite  to  an  expec:ted  precision  of  about  10  cm  rms.  Altitude  information  at  this  level  of 
precision  is  expected  to  allow  moping  of  the  static  sea  level  geoid  and  the  dynamic  ocean  top>- 
ographic  features  siperinposed  upon  that  geoidal  surface.  Such  features  include  the  dynamic 
tcpogr^hy  associated  vdth  geostrophic  ocean  circulation,  tides,  vdnd  set-up,  storm  surges,  and 
beutmetric  pressure  effects.  The  geoid  itself  vdll  have  to  be  ocitputed.by  extraction  of  these 
disturbing  phenomena  once  those  phenomena  are  imderstood  fully,  and  vdll  be  determined  after  the 
orbital  distance  from  the  center  of  mass  of  the  earth  has  been  determined  as  precisely  as  possible. 
Although  the  orbit  may  never  be  calculated  to  the  level  of  precision  of  the  altimeter,  the  un- 
nvjiteled  uncertainties  in  the  orbit  prciably  vdll  not  have  the  same  time  and  space  distribution 
as  either  the  real  geoidal  undulations  or  the  dynamic  factors  creating  ocean  surface  topography. 
Analyses  of  these  problems  are  presently  inootiplete,  but  show  promise  that  the  dynamic  features 
vdll  be  elucidated  beyond  present  understanding. 

Gravity  anomally  features  such  as  the  Puerto  Rican  Trench  ^cwn  in  Fig.  5 will  be  observed 
and  refined,  and  smaller-scaled  features  due  to  deep-ooean  trenches  eu:vd  cssrrespionding  elevations 
reciting  from  seamounts,  plateaus,  and  ridges  vdll  be  detected. 

5.2  SCATTERCMETER 

The  SASS  vdll  serve  priitarily  eis  a low-to-intermediate  surface  vdnd-field  anemcmeter. 

The  SKYLAB  S-193  sensor  cepability  illustrates  in  the  data  of  Fig.  6 the  pjotential  for  SASS 
to  measure  surface  winds.  By  use  of  the  orthogonal  beams  of  SASS,  the  potential  exists  to 
measi^  vdnd  direction  as  veil  as  magnitude.  Fig.  7 illustrates  the  variation  in  the  back- 
scattering  coefficient  as  a function  of  vdnd  direction.  HdiMever,  ambiguities  vdll  occur  in  the 
data  set  vAiich  vdll  require  nenual  vdnd  field  ancdyses  and  data  from  more  conventional  data 
sources  to  remove  the  antoiguities.  ^ 


standing  of  such  events  as  tte  El  Nino  r>»-KoT-  ar^?^  on  the  ocean  surface  may  aid  in  the  under- 
Gray,  et  al.  (1^7).  as  the  El  Nano.  Other  applications  may  cere  fron  the  developnents  of 

5l3  EADAR  IMAGER 

i=  diSLS?  SI  Sa?  S.fS'fSfS  u«  sa»  on  SESSM-A 

PKa  of  Stodini7¥.r,  A 2!  of  sae  mfon^tim  to  «tino  appUoatlcnn  U in  the 

sKr  as  a sensor  will  te  MqUv  integration  tioie.  Thus, 

oe  nigniy  interactive  with  specific  environmental  situations. 

The  most  strai^t— forward  applicaticn  of  *5AR  i q ^nr-  4-wt  « j • r- 

SiSs.'TtSfs^sf  Em  ~~ 

to  wave  spectra)  Lrived  for^S  Se?^  ^ tv®-dimensional  intensity  spectra  (related 
5.4  MiaOffiVE  RADIOMEMER 

to  the  neasure^nt  of  efface  winL  ^ 

^ ""  ten^rature  for  variou^  wind  s^'^ 

windfield  analyses  using  Nirbus-5  data  shown  inWg.^io  a^ 

from  Ibout^a  fr^  Nimbus-5  microwave  data  for  winds 

atnpsjheric  corrections,  and  37  GHz  sea  and  lake  ice.*^^  ' ^ winds,  18  and  21  GHz 

5.5!  COIORIMEHER 

fiS~^  r^ometry  was  designed  primarily  for  m^ing  atmosEheric  water  vapor  and  sea 
ice  fields.  Clear  areas  only  are  used  in  Fig.  10,  for  averages  ^ about  a S^n.^  area. 
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discriminating  betwsen  suspended  sediments  and  ciilorophyll,  both  having  increased  reflectances 
in  the  green  and  red  portiors  of  the  visible  spectrun. 

The  effect  that  chlorophyll  has  on  the  color  of  the  ocean  has  been  illustrated  by  Smith 
and  Baker,  (1977)  using  the  (CIE)  chrcmaticity  diagram.*  This  diagram  uses  the  loci  of 
spectrally  pure  wavelengths  baised  on  s standard  source.  In  Fig.  12  this  source  is  noted  as 
"C"  and  the  curve  labeled  from  450  to  650  m is  the  spectrally  pure  wavelengths.  The 
tristimulus  values  of  reflectance,  for  the  various  concentrations  of  chlorophyll  shram  in  Fig.  11, 
are  plotted  cn  the  chrcmaticity  diagram.  The  oceanic  color  varies  with  pigment  ccncentraticxi, 
and  the  dominant  wavelength  for  any  given  concentration  is  obtained  by  drawing  a line  frcm  the 
standard  illuminant  "C"  through  the  given  chlorophyll  ooncentraticn  to  the  value  on  the  pure 
i^)ectrum  locus.  Thus,  for  0.01  rog.m-3  of  chloroi^yll,  the  dcminant  wavelength  is  470  nm. 

Tbese  oceanic  color  changes  with  chlorophyll  ooncentration  will  be  measured  by  the  CZCS. 

A major  e:q?erimental  effort  to  quantify  the  color  changes  in  terms  of  the  water  characteristics 
(chlorophyll  and  suspended  sediments  in  particular)  will  be  oonduc^.  Surface,  atmospheric, 
sun,  and  view  angle  effects  must  be  evaluated  and  corrected  in  ord^  to  remotely  measure  the 
water  charctcteristics.  An  initial  goal  is  to  measure  chlorophyll  ooncentraticn  to  within  a 
factor  of  two  over  the  0.01  to  10  mg.m~3  interval. 

' 6.  saWAFK 

Over  the  last  decade  research  and  cperational  satellites  have  demcnstrated  that  the  spatial 
and  tatporal  scales  provided  by  earth  observing  systems  can  support  the  needs  of  oceanology, 
indeed,  specific  oceanic  applications  using  visible  and  infrar^  date  have  been  developed 
cjperationally  for  sea  surface  tenperature,  major  current  tracking,  limitei  area  ship  routing, 
and  lake  and  sea  ice.  The  satellites  planned  for  launch  in  1978  will  significantly  extend 
this  present  capability,  expand  the  knowledge  of  oceanic  dynamics,  and  increase  the  operational 
upag  of  space  technology.  The  first  noteworthy  applications  will  be  near  all-i^ther  analyses 
and  prediction  of  surface  winds;  waves  and  wave  spectra;  circulation  and  oceanic  current 
processes,  and  surface  layer  transport;  severe  storms,  storm  surge  and  se^,  and  tides;  surface 
tenperature;  oil  spills;  ice  dynamics,  mapping  and  statistics;  and  determination  of  earth's 
geoid.  Significant  steps  using  ocean  color  (not  all-weather  ) will  be  acooiplisl^  in  wat^ 
mass  (^namics,  including  circulation  (both  horizontal  and  vertical),  discrimination,  identification, 
and  Suspended  particulates,  including  sediments  and  bio-optecal  state  (chlorophyll 

and  potentially  estimates  on  productivity);  fisheries  utilization;  and  environmental  quality. 
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Figure  1.  Global  Operationcil  Sea  Surface  Tenperature  Cfcrputation  (QOSSTOCWP)  for  April  6 
1977,  derived  didly  fran  the  NOAA  satellite  series  (NQAA-5  for  this  emalysis)  using  thi 
Scanning  Radicnieter  (SR) . Taiperature  retrievals  cune  statistically  averaged  over 
approximately  a 100-km  square  area. 


•USf  V 


155  I2F2233  10APR77  N5  9S  1 


ReTOluaon  Radioneter  (VHRR)  thermal 
^ of  the  Western  North  Atlantic  shcMs  the  major  ooastal  waters 

Gu^  Strem.  ^Ual  resolution  is  1 km  at  nadir.  These  data  are 
^ preparaacn  of  marine  products,  sudi  as  the  a 
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[ure  3-b.  loe  field  analyses  using  irnagery  as  shown  in  Figure  3-a  are  prepay 
and  distributed  weekly  during  the  ioe  season.  The  data  are  quantified  accxscding 
to  the  Legend  in  the  figure. 
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Figure  4.  Average  radar  cross  sectdon  as  a function  of  time  for  several  wind  and  w 
conditions  for  a nadir-looking,  short-pulse  radar.  (H,,,  is  the  significant  wave 
hei^t  and  W is  windspeed.)  Note  the  break  in  scale  Of  the  abscissa. 
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Figure  5.  C3cinparison  of  the  SKYLAB  altimeter  geoid  profiles  over  the  Puerto  Sioo 
Trench  and  land  mass.  After  Mourad,  et  al. , 1975. 
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badcscattering  cross  section  (solid  line) 
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Figure  7.  Radar  badcscattering  cross  section, <i« 
as  a function  of  azimuth  angle  for  a 13  m‘s“^ 
windspeed  measured  by  the  Langley  AAFE  RADSCKT 
program. 
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Figure  9.  theoretical  micxawave  bri^tness 
tenperature  eis  a func±icxi  of  incident  angle 
with  the  wind-rou^iened  ocsean  surfetoe  (capil- 
lary wacies)  cts  a parameter.  A frecjuency  of 
19.4  CHz,  and  water  tenperature  of  290*^ 
^ply.  Horizontal  (left)  and  vertical  (right) 
polarizations  cue  shown. 
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Figure  8.  NASA  Jet  Prcpulslcn  laboratory  (JPL)  imaging  radar 
scene  of  ooean  shells  and  the  derived  digital  2-D  intensity 
spectra  euid  enchanoenent.  Oourtesy  of  Charles  Elachi,  JPL. 
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diagr^  of  wind  versus  microwave  brightness  tai|3erature,  T„, 
JfalfSS  M«iiten:anean  Sea.  Each  letter  repreS  ^^vS^ge 

of  all  and  Tg  observations  in  clear  areas  averaged  over  100  n mi 
areas.  Data  collected  by  the  Ninbus-5,  19.4-CHz  radiometer.  Sabatini’  19^ 
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Figure  11.  Ttieoretical  irradiai^  reflectanoe  as  a function  of  wavelength  for  various  values 
of  dilorophyll  pigment  (mg  pigment *m  ^) . Calm  sea  conditions  and  no  intervening  atmosphere, 
smith  and  Baker,  1977. 


Figure  12.  dE  chromaticity  diagram  showing  the  loci  of  ^aectrally  pure  wavelengths  by  the 
curve  labeled  from  450  to  650  nm,  based  on  standard  source  iah«»iAd  "c"  as  the  achromatic 
stijiulus.  The  tristimulus  values  of  reflectanoe  for  the  values  of  chlorophyll  pignent 
oonoentration  in  Figure  11  are  plotted  and  labeled.  Smith  and  Baker,  1977. 
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OUTLOOK  FOR  REMOTE  SEtJSIMR  19  THE  COASTAL  7.0ME 
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Ourina  the  next  decade,  increasino  amounts  and  diverse  tynes  of  information  will  be 
for  manaoement  of  the  coastal  zone.  Efficient  management  is  predicated  not  only  on  a sound  data 
IcL^SurrraoId'relfable  updates  of  the  information  system  as  well 

able  if  the  surveyino  systems  can  be  o-erated  economically  and  are  able  to  collect  data  at  shor. 
recurrence  intervals. 

Amonn  the  many  ways  to  acquire  information,  remote  sensino  should  be  ranked  hioh,  esoecially 
in  the  coming  decade.  As  Landsat's  optical  sensors  ooened  up  new  frontiers  of 
in  the  1970's,  so  will  microwave  technology  in  the  1980's  as  it  graduates  to  spaceborne  statu  . 
'i'-inn  results  of  the  exoloratory  exoeriments  with  an  altimeter  and  scatterometer  ^kylab,  an 
inteorated  oackane  of  two  oassive  and  three  active  microwave  sensors  were  desinned  for  Seasat-A, 
Ihich  will  briaunched  in  1978.  The  Seasat-series  of  satellites  was  conceived  by  users  and 
dediSated  to  the  study  of  ocean  dynamics  and  coastal  orocesses.  N^^^A  (National  Aeronautics  a^ 

SPac-  A'^ministration)  olans  to  culminate  this  project  in  a six-satellite  operational  phase  in 
th**  late  1980's  or  early  1990‘s.  Seasat-A  instruments  will  obtain  data  on  waves,  wind,  fresh 
water  and  sea  ice,  and  sea  surface  temperature,  and  a limited  amount  of 

In  1978  NASA  will  also  launch  Nimbus-G  carrying  the  Coastal  Zone  Color  Scanner  (C7.CS),  and  a 
-.ssive  mtcrlaie  ^ In  the  same  .year,  AEM-A  (Advanced  Explorer  Missions  for  heat- 

caoacitv  maopinn)  will  benin  to  acquire  information  on  water  surface  temperatures  and  effl^ 
soil  moisture  and  plant  stress,  and  lithology.  Complementary  projects  in  the  manned  Shuttl_ 
orodram  will  test  the  usefulness  of  several  sensor  combinations  to 

evaluate  effects  of  different  microwave  frequencies.  Polarizations  and  antenna  orient..-ions. 

The  Shuttle  mav  become  ouite  useful  to  monitorinn  disasters,  although  i .s  Principal  benefits  ar. 
in  onboard  scientific  and.  engineering  exr'eri mentation. 

Several  aspects  of  the  coastal  zone  are  expected  to  benefit  from  these  new  developments. 

Among  those  applications  that  are  now  deriving  benefits  are  f 

Ping,  based  on  ohotogrammetric  techniques  anolied  to  aerial  ohutogran, is  and  LA, IDSAT  imager  . 
Orbitinn  'lOAA  (National  Oceanic  and  .Atmospheric  .Administration)  arrl  geostationary  (SMS-iOES) 
weather’ satellites  have  contributed  to  public  safety  in  low-lymo  coastal  areas 
predict  movements  of  weather  systems  and  the  landfall  of  storms. 

■surges  have  been  manoed  with  Landsat  MSS  (Multi soectral  Scanner)  •■maoery.  As  data  from  the 

GEOS-3  (Geodynamics  Experimental  Ocean  Satellite)  and  imnrn')inn’ 

storm  surge  elevations  and  gradients  should  be  quantitatively  determinable,  thus  impro/in 

ore^ictive  algorithms  now  in  use. 

Radiometers  such  as  the  VHRR  (Verv  High  Resolution  Radiometer)  on  NOAA  satellites  and  the 
ESMR  (Electrically  Scannino  Microwave  Radiometer)  on 

(IR)  svstems,  have  helped  to  improve  our  understanding  of  sea  ice  dynamics  and  the  charaeteri sties 
of  shear  zone  ice.  Pack  ice  type  and  concentration  correlate  well  with  satellite  brightness 
temberatures.  The  one-kilometer  resolution  in  VHRR  imagery  is  an  order  of  magnitude  improvement 
over  IR  data,  however,  further  advances  in  the  capability  of  the  weather  satellites  to  di-,er- 
ent^ate  among  ice,  snow  and  clouds  are  still  needed. 

i After  decades  of  study,  beach  erosion  and  unwanted  accretion  of  sediments  near  harbors  and 
watterwavs  are  two  critical  problems  still  facino  coastal  engineers.  The  ^.l,. 

sediments  are  transoorted  is  complex,  and  to  date,  remote  sensing  has  contributed 
PoStfacto  surveys  of  shoreline  changes,  rather  than  to  the  understanding  of  the  oroc-ss 
ChaVtino  sediment  plumes  along  the  coast  by  means  of  airborne  and  Landsat  multisoectral  systems  - 
'ia^  not  given  ouantitative  answers  to  the  ouestions  of  how  much  sediment  is  in  motion  and 
at 'what  rate.  The  Seasat-A  imagino  radar,  which  will  ■Provide  information  on  directional  ways 
spectra  is  expected  to  materially  help  in  ouantifyinn  littoral  transport  of  sediments,  as  suCm 
data  are  applied  to  coastal  wa'-  pronanation  an  ' transformation  theories.  Hhether  the  observe  . 
olUm4  are  actually  suspended  se-'i  ints  or  expressions  of  biological  activities,  is  ^ff^bla 
with4t  Lrfaco  me’Lurements.  "Hh.itino"  observed  on  Landsat  MSS  imagery  was  interpreted  to  be 
carbonate  precipitation,  but  alaae.  growth  or  c‘^loronhvll  on  t.ie  water  surface  could  provide 
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' optical  and  „cr»...e  tecbn.opes  are  « ? “^0' SSr-l'.aSrSe  rR'lensrs™; 
Dollution  is  commonly  charted  by  means  of  - sensor  enqineering  where  improvenients 

date  have  no  equivalent  resolution,  but  thi  is  a^  - chartable  usino  the  Fraunhofer  Line 

•onc;XinlffJMcJ°:iSfs*t-»rSs«p?^^^  -Mcb  «.spr,  a difference  ,n  Pact- 

SCflttGt** 

other  nearshore  problems  exist  in  the^area  °JJ^^5j,"‘’^o'"Jlanne?oreri s^ 
quantity  of  fish  beinq  taken  is  scan  . cnhools  of  fish,  directly,  monitoring  of  fishina 

^ble  to  detect  subsurface  activities,  such  as  chools^of^fish,^^.^ 

areas  for  their  efficient  management  has  to  ^ely  ^ olumes.  What  kind  of  fish  are  being 

of  Mexico  related  fishino  areas  ?'*®!tracteristics;  interest  in  surveying  them  has  increased, 

S%“r!ej?l?aE°e;  rl5o-.5!rec™o.ic  tone.  Microwave  sensors  are  h.,n,  con- 
sidered  for  conducting  such  surveys. 

The  enohasis  in  desionino  future  technology  ^s  on  studying^ 
on  maooino  bbservable  phenomena.  Passive  technioues  on  ^ manioulate  characteristics 

oralallv  reolaced  with  active  ^ will  be  particularly 

of  the  sensors  to  maximize  his  information  return,  ines. 
useful  to  coastal  zone  remote  sensing. 


COASTAL  WETLANDS:  THE  PRESENT  AND  FUTURE  ROLE  OF  REMOTE  SENSING 

Virginia  Carter 
U.S.  Geological  Survey 
Reston,  Virginia 


ABSTRACT 

During  the  past  decade,  there  has  been  a rapid  expansion  of  remote  sensing  ''search  and 
technology  development  related  to  coastal  wetlands.  As  a result  of  this  research,  all  oj  Jhe 
23  coastal  states  have  ongoing  or  completed  wetland  inventories,  most  utilizing  aerial  ph  - 
gJaSras  the  dlL  source  for  producing  a variety  of  map  products  with  varying  scales,  formats, 
TaSiftLSon  systems  and  intended  uses.  The  U.S.  Geological  Survey  .s  increa^ 
on  mao  oroduction  and  revision  for  the  coastal  zone.  The  new  U.S.  Fish  and  Wildlife  service 
Natlional  Wetland  Inventory  is  intended  to  provide  a standardized  method  for  comparison  of 
wetjlands  on  a national  basis  - it  too  will  use  available  aerial  photographs  as  a basic  data 

source. 

At  Iresent.  satellite  data  is  not  used  for  operational  mapping  of  coastal  wetlands  because  of 
JLoluliSn  and  geometric  constraints.  In  the  future,  however,  fteliite  data  may  provide  an 
accurate  »-eliable  and  economical  source  to  update  wetland  inventories  . 

evaluate  coastal  wetlands.  The  technological  improvements  , 

launch  of  Landsat  C and  D and  the  Space  Shuttle  promise  to  make  satellite  ® 

powerful  tool  to  supply  information  for  future  management  decisions  for  coastal  wetlands. 


INTRODUCTION 

The  surge  of  interest  in  coastal-zone  resources  during  the  Pf  ^‘^Wetlandf  are 

a raoid  expansion  of  related  remote  sensing  research  and  technology  development.  Wetlands  are 
a Sarf  focurof  this  interest;  in  recent  years  our  understanding  of  wetland  values  has  in- 
creased ind  Federal,  State  and  local  governments  have  enacted  ^®9islation  to 
These  laws  generally  reguire  classification  and  inventory  of  wetlands  as  the  fifst  step  ’’I 
Jrotectivl  process  and,  thus,  they  have  greatly  increased  the  need  for  better  and  more  efficient 

tools  to  accomplish  this  task. 

The  U S Fish  and  Wildlife  Service  (FWS)  1956  inventory  of  wetlands  (Shaw  and  Fredine,  1956) 
estimated  that  there  were  29.9  million  hectares  of  wetland  in  the  United  States,  of  these, 

1 S million  Lctares  were  coastal  fresh  wetlands  and  2.14  million  hectares  were  coastal  saline 
wetlands  The  inventory  included  only  wetlands  in  the  conterminous  United  States  and  most 

Siands’less  thari6?^hectares  in  size  were  excluded  from  the  survey.  Since  1956,  many  

hectares  of  wetland  habitat  have  been  lost  as  a result  of  increased  pressure  for  housing, 
industrial  and  agricultural  development.  This  loss  of  coastal  wetlands,  especially  in  highly 
industrialized  states  such  as  New  Jersey,  New  York,  and  Delaware,  has  added  additional  impetus 
to  the  development  of  mapping,  inventory,  and  monitoring  technigues. 

This  paper  presents  an  overview  of  the  present  and  future  use  of 

coastal  wetland  inventory,  mapping,  and  evaluation.  For  the  purpose  of  this  paper,  coastal 
w^tlanL  aJe  Sefin^ar-^dar  wetlands  and  the  definition  of  wetland  is  that  suggested  by 

FWS  (Cowardin  and  others,  1976): 

"wethand  is  defined  as  land  where  the  water  table  is  at,  near,  or  above  the  land  surface 
long 'enough  to  promote  the  formation  of  hydric  soils  and  to  support  the  , 

hydrophytes.  Permanently  flooded  lands  lying  beyond  the  deep-water  boundary  of  wetlan 
are  ireferred  to  as  aguatic  habitats. 

In  certain  wetland  types,  vegetation  is  absent  and  soils  are  poorly  developed  absent 
as  Tresilt  of  freguent  and  drastic  fluctuations  of  surface-water  levels,  wave  action, 
water  flow  turbidity  or  extremely  high  concentrations  of  salts  or  other  substances  in  _ 
S waSror  substraL?  Wetlands  lacking  vegetation  and  hydric  soils  can  be  recognized  by 
the  presence  of  surface  water  at  some  time  during  the  year  and  their  location  within,  or 

adjacent  to,  vegetated  wetlands  or  aguatic  habitats. 
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wetland  acreage,  and  to  deveiPH^^  resource.  Looked  at  c problems  are  discussed 

task. 

the  problems 

Definition  ^ .,/,,-ianH  moDDino  and  inventory, 

■ • rf  classification  are  usually  provide  the  maximum  amount  of 

Definition  and  classifica  ion  . as  and  tend  to  lack  clarity, 

either  because  of  reg  definitions  of  w^Llano  ceno  hydrology, 

Infonnation  to  the  resjrce  ".anager^  ecosystems  with  a c^Pje^  of  "coaStal"  and  of 

largely  bf ^^Vo^  TheSe  have  been  several  ff°®ches  to  ^ 32-583)  defined  the 

soils,  and  ''^PaLapon.  . , ^one  Management  Act  (CZMA)  extends  "inland  from  the 

"coastal  wetland  " The  CoastaWone^  the  uSes  ^which  have  a direct 

coastal  zone  a^Lhe  coastal  ®Ler  control  shorelands,  the  es 

shoreline  only  to  Lhe  extent  neces^^^y^^^^^^  .,  ^dividual  f^ates  distance  above 

and i significant  impact  Lh^gf^nUion.  A state  may  choose  to  use^  coastal 

land  boundary  based  on  ,.-^„chin  line  or  paved  road,  or  the  xj_.:vinn  There  is  no  reguire- 
mean  high  water  (MHW),  a meets  the  requirements  of  the  de  uetlands"  (not  included 

counties  provided  the  boundary  meets^the  r^q^  °I.;"fS  !era5  literature.  The  term 

r„tte  a!Sfir,ii,ct  to 

dstoos:’.  : 5 s-  .=»p.- 


r.lassification,__scales^Jorm^^ — 9B.  wetland  definition  and 

sutos  «;ir„rr.nsorcrs,?;cftro:”S  ^ ~ 

aS'  a supplement  to  t’eld  resulting  wetland  maps  or  ’"^eo  ^ and  classes,  and 

r^onal  or  national  basis.  illustrate  format 

„S0S 

itrr  Ih/ioSto,  ^ *S‘.  »KS'1-S! . ,r.S:  Svtt . 

svmbols;  marsh,  submerged  ™rs  , gravel)  and  tidal  or  1°’^®  ,.  gf  except  in 

!r„5°  »n5,rr  o“  iSTfttU  r o'?  rtogrl  Me  tro.t«nt. 

;rJr?'o“Sa  ftr‘«.ne-  .etUt-  ..PP'™- 

Where  available,  they  pr  regulatory  permitting  procedures, 

utilized  for  landowner  iotormation  an  g ^.24,000  (for  example 
When  wetland  "jaPS  a critical  and  mapping  scales  are  la  g inventories  serve  primarily 
acciirate  boundaries  a , and  Delaware).  Where  the  maps  boundary  is  less  crucial 

l:2ji00  in  New  York,  n-p  wetlands,  the  exact  Placement  boundary  are 

to  ilocate,  clas,sify,  and  m ,_,aiier.  The  wetland/upland  boun  . Y . average  height 

and  the  mapping  ®^ales  may  b ^ Tidal  datum  p^ane  d f marks  the 

most  often  used  for  leg®'  P P _ g^^gd"  (Boon  and  Lynch,  19/0 • McEwen  and  others, 

1977-,  Guss,  19/2)  out  11  IS 


.1. 


^Sg£ga*as  s-t=':^s-pa.;,g;js„;‘! ra., 

applied  to  all  the  boundaries,  the  problem  remains 

p?e?^sr‘nm?rSanaMe'!''^'^"^^  photointerpretive  skill  will  probablj  rZiJ’JLts? 
Assessment  of  wetland  value 

■■fSpitSIl:. 

mapping  or  inventory.  ’ determination  is  most  efficiently  made  during 

Mapping  methodology 

Development  of  techniques  should  be  on  a wetland  class  or  tvoe  basi<;  Farh  riacc  * • 

effective  water  penetration  of  aerial  photograph^  ^ coastal  waters  limits  the 

Overlapping  responsibilities 


PAST  RESEARCH 

E^wj£„S';?.j€o'£SS^^^ 

liin^  microwave  data  R^earch  Ls  been  SnJIcJed'^  nJ^ 

foi^wril^n'"  analogue  and  digital  multispectral  techniques,  scales  and  formats 

for  data  prpentatron,  and  numerous  other  aspects  of  remote  sensing  related  trroastI?  wfJ 
lands.  Table  l is  a summary  of  selected  examples  of  res^rc^SroiLtriSto  Se  usf 

choice  except  for^subLSnraSJatirieJetftfon'^  recommended  color  IR  as  a first 

I PRESENT  PROGRAMS 

TaPPi"9  are  presently  being  conducted  by  both  Federal  and  State 

fnr”mlnninn  °P®''a^’°"al  basis.  B/W  panchromatic  photographs  have  traditionally  been  used 
lOr  nidppinQ  (^or  6Xdmpl6»  Soil  Consorvdtion  Sprvirp  ii^rc  manr>\  k ^ ^ j* 

res„rch  ,bo„.  color  .nrc£J;”RlK^rSI’;r,“1,rSI  is"  % ,£1^ 

Most  state  inventories  are  based  upon  aircraft  photographs  supplemented  ^ ground  si^^s  and 
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previously  published  maps,  reports,  and  soil  surveys.  All  23  of  the  coastal  states  (excluding 
the  Great  Lakes  states)  have  completed,  or  are  presently  conducting,  total  or  partial  inven- 
tories of  coastal  wetlands  (U.S.  Fish  and  Wildlife  Service,  1976).  At  least  11  states 
completed  one  inventory  between  1965-75;  several  states  made  more  than  one  inventory  (for 
example,  Rhode  Island,  Delaware).  In  many  states  (for  example,  California,  Washington, 
Florida)  inventories  are  being  or  have  been  made  by  different  agencies  or  universities 
utilizing  different  source  materials,  classification  systems,  mapping  techniques,  minimum 
mapping  units  (MMU),  map  scales,  and  map  bases.  Both  state  and  national  inventories  are 
discussed  below. 

State  inventories 

State  mapping  and  inventory  projects  are  summarized  in  tables  II-V  below.  Specific  classifi- 
cation systems  referenced  in  the  tables  are  found  in  the  list  of  references  at  the  end  of  the 
paper.  Selected  examples  are  expanded  upon  to  give  an  overview  of  inventory  techniques. 

The  New  England  coastal  states  are  using  B/W  panchromatic  photographs  as  a basic  data  source 
(table  II).  The  3rd  Rhode  Island  inventory  was  conducted  using  1:12,000  leaves-off  B/W  aerial 
photographs  (MacConnell,  1974).  Maps  were  prepared  by  stereoscopic  transfer  to  1 : 24, 000-scale 
USGS  base  maps.  No  field  checking  was  done. 


The  central  Atlantic  states  are  under  very  heavy  developmental  pressures,  thus  the  mapping  has 
bepn  rather  detailed  and  new  techniques  are  being >used  (table  III).  The  greatest  variety  of 
inventory  techniques  have  been  used  in  this  area,  so  several  examples  are  discussed  here.  In 
New  York  and  New  Jersey,  color  IR  photographs  were  the  principal  data  source  (Brown,  1977). 

In|  New  Jersey  (2), dominant  wetland  species,  the  wetland/upland  boundary,  and  the  biological 
MHW  line  were  delineated  on  l:2400-scale  photo  base  maps  using  manual  transfer  techniques.  In 
New  York,  a similar  procedure  was  used  to  map  6 wetland  categories:  (1)  Coastal  Fresh  Marsh, 
(2i)  High  Marsh  or  Salt  Meadow,  (3)  Intertidal  Marsh,  (4)  Coastal  Shoals,  Bars,  and  Mudflats, 
(Si)  Formerly  Connected  Tidal  Wetlands,  and  (6)  Littoral  Zone.  Extensive  field  checking  was 
dope.  State  plane  grid  coordinates,  a map  identification  number,  a legend  containing  title, 
credit  references,  wetland  species  or  categories  and  map  acquisition  information  were  included 
on  each  map  for  both  New  Jersey  and  New  York.  The  maps  are  intended  for  use  in  issuing  wet- 
laid  permits  and  regulating  wetland  use  and  the  boundaries  must  be  defendable  in  court. 

In  Maryland  (2),  the  primary  data  source  for  the  first  phase  of  the  wetland  inventory  was  low- 
alj;itude  color  photographs  (Garvin  and  Wheeler,  1973).  Only  the  wetland/upland  boundary  was 
delineated  on  the  l:2400-scale  photobase  map  along  with  ownership  boundaries.  A second  phase 


of 


the  inventory  was  initiated  to  map  species  composition.  The  MHW  line  which  forms  the 


boundary  between  state  and  private  property,  is  determined  in  the  field  on  a case-by-case  basis. 

In  Virginia,  coastal  wetland  mapping  was  done  on  a county-by-county  basis  using  field  survey 
supplemented  with  photographs  where  available  (Silberhorn,  1974).  The  Virginia  law,  unlike 
most  other  states,  defines  tidal  wetlands  as  "the  area  between  mean  low  water  and  the  elevation 
above  mean  low  water  equal  to  the  factor  1.5  times  the  mean  tidal  range."  At  least  one  of  40 
designated  "wetland  plant  species"  must  also  be  present.  Twelve  marsh  community  types  were 
de|fined  in  a classification  system  developed  specifically  for  this  inventory  (Silberhorn  and 
others,  1974). 

The  southeastern  Atlantic  and  Gulf  coastal  states  have  the  most  extensive  coastal  wetlands  of 
any  states  described  in  this  paper  except  Alaska  (table  IV).  A wide  variety  of  classification 
systems  are  being  used.  North  Carolina  and  South  Carolina  are  the  two  states  using  only  low- 
altitude  photography  for  inventory.  Georgia,  Mississippi,  and  Louisiana  are  using  high-altitude 
photography,  Alabama  and  Florida  are  using  both  high-  and  low-altitude  photography  and  Texas  is,^ 
us)ng  Landsat  data,  Final  map  product  scales  for  this  area  range  from  1:20,000  in  Georgia  to 
1:500,000  in  Florida  and  MMUs  vary  from  less  than  0.4  ha  in  North  Carolina  to  16.2  ha  in 
Florida.  Florida  has  five  wetland  inventories  and  Louisiana  has  four  wetland  inventories  in 
vaHous  stages  of  completion.  In  Florida,  four  State  agencies,  two  Federal  agencies  and  the 
Un|'versity  of  Florida  are  involved  in  the  inventory  process. 

Two  examples  of  inventory  methodology  are  Louisiana  (1)  and  Alabama  (2).  Louisiana  (1)  is 
usjing  high-altitude  color  IR  to  update  and  extend  a published  vegetative  type  map  of  the 
Louisiana  coastal  marshes  (Chabreck  and  others,  1968).  Wetland  classes.  Fresh,  Intermediate, 
Brackish  and  Saline  Marsh,  are  compatible  with  Anderson  and  others,  1972.  Product  scales  will 
be  1:125,000  (by  Parish)  and  1 :250,000.  In  Alabama  (2),  the  Marine  Environmental  Sciences 
Consortium  has  inventoried  all  ecological  habitats  of  coastal  Alabama  including  all  coastal 
wetlands  up  to  the  50-foot  contour  using  high-altitude  color  I R photographs  taken  at  low  water 


Sau’Bush^1aS'nir"l'^^nn.T*p:?  devised  included  Beach,  Salt  Marsh.  Brackish-mixed  Marsh, 

Fresh-mixed  Marsh,  Swamp  and  Mixed  Bottomland  Forest  25% 
field  checking  was  done.  An  atlas  of  maps  at  1:24.000-  and  1 :62,500-scale  wL  produ^d 

Tidal  marshes  along  the  Pacific  coast  are  generally  small  in  comparison  with  those  of  the 

Coasts  (table  V),  however,  many  miles  of  beaches  and  rocky 
noAHc-  found  in  this  area.  Wetland  inventories  have  been  specifically  oriented  to  special 
ne|ds,  for  example,  in  Washington  the  inventories  include  an  Oil  Baseline  Study  two  countv 
wetland  studies  and  a Harbor  Dredging  study.  As  an  example  of  inventor^procedure  WashiSton 
used  1.24,000-scale  color  photographs  taken  at  low  tide  to  interpret  wetland  classes  and  ^ 

£*^^slnd  ""Mud^  Mixpf ?oarf  ‘’“?‘'!;'®'’9les.  Nine  general  habitats  were  identified: 

«te;«“-wSr 

National  inventories 

wetlands  as  a base  category  on  the  standard  map  series 

InientoJv  ^ National  Wetland 

has  recently  developed  a new  classification  system  as  the  basis  for  the 
of  Wetlands  and  Aquatic  Habitats  of  the  United  States" 

(Coward in  and  others,  1976).  This  system  will  provide  a uniform  basis  for  comparison  of  mao 
hfprarrhi^ai^  products  at  the  national,  regional,  and  state  level.  The  Cowardin  system  is  a 
hinhort^iowli^i^^+h  vegetation,  soils  and  water  regime  (Figure  1).  The 

Ecological  System  --  all  coastal  (tidal)  wetlands  fall  into  the  Marine 
ecological  systems.  The  second  level  for  both  systems,  Ecoloqical  subsvstem  is 
subdivided  into  Subt  dal  and  Intertidal.  At  the  class  level  .ther^ar^n^ne  classL  l L^ 
Estuarine  system:  (1)  Heretic  water/benthos  , (2)  Aquatic  Bed,  (3)  Reef,  (4)  Rocky  shore 

laL^^^The^Mari  ^ ^ Emergent  Wetland,  (.8)  Scrub-shrub  Wetland  and  (9)  Forested  Wet- 

land. The  Mar  ne  system  has  only  six  classes  since  all  tidal  wetlands  with  emeroenL  shrubs 

rnfniit!  ti!  ! ■ “ chemistry,  water  regime,  soil,  and  special  modifiers  are  used  to 
cowp.l.etG  thG  dfiscription  of  WGtldnd  type.  Beiley’s  Ecoreoion  svstem  fRailpu  iQ7fi^  ic  hcqH 
regionalize  the  data  by  province.  It  should  be  noLd  ?Iiat  ?he  S%s?m 

Shores  and  Beaches)  not  traditionally  considered  wetland,  but  now  Ling 

ss:-sjed“;i,r?“s,‘£  r§'^-aS”’  ^ 

suhrilcr^’*^  appears  to  be  a good  second  choice  for  these  classes.  SepaLtion  into 
subclasses  and  lower  levels  is  good  with  color  IR;  species  may  be  identified  in  many 

° include  both  surface  and  submergent  vascular  and  macroalgal 

turbidity  in  some  coastal  areas  masks  the  water  penetration  effect 

mLni^n  ^olor  film  is  the  1st  choice  for  detection  and 

mapping  of  submerged  aquatic  vegetation.  Color  IR  is  poor  for  detection  of  underwater 
vegetation,  but  excellent  for  surface  vegetation  or  submerged  vegetation  with  surface 

RrttfL  rniP  K-  P-  Robert  Adams  (written  commun.  1977),  after  a study  in 

British  Columbia,  recommend  a combination  of  color  and  color  IR  films,  at  1:10,000 
scale  or  greater,  for  the  inventory  of  the  maximum  number  of  macroalgal  classes  in 
Aquatic  Beds  and  Rgckjc  Shores.  Water  penetration  film  is  less  useful  thL  LlL 

° suggested  above,  color  IR  appears  to  be  the  best  choice  for  dis- 

criminating vegetation  zones  (mostly  macroalgae)  on  Rocky  Shores.  Oblique  or-  VerticaT 
photographs  can  be  used  - oblique  photography  presents  social  problems  in  gLme[r  c 

ffi.  »ppp.rs 

° These  classes  can  be  mapped  with  almost  any  film,  however,  color  IR 

’"terface  or  tidal  boundary  well,  as  does  B/W  panchromatic, 
whereas  this  boundary  may  be  difficult  to  interpret  from  color  film  when  turbidity  is 
high  in  waters  adjacent  to  the  shore.  ^ 


0 Neretic  water/benthos;  This  class  appears  as  open  water  on  most  fiTtn.  In  order  to 
,•  separate  the  Aquatic  Beds  from  the  unvegetated  substrates,  color  film  is  generally 

required.  Bottom  type  sediments  such  as  sand  may  be  identified  with  good,  low-altitude 
photographs. 

0 Reef:  Reefs  are  mostly  subtidal  and  for  this  reason,  color  film  is  better  than  color 

IR  or  B/W  in  most  cases. 

The  NWI  is  using  available  aerial  photography  to  prepare  wetland  maps  at  1:100,000  for  the 
entire  United  States  including  Puerto  Rico  and  the  Virgin  Islands.  Using  a new  system  for 
aerial  photograph  interpretation  and  information  digitization  the  NWI  will  create  a data  base, 
in  both  map  and  computer  form,  in  which  wetlands  data  will  be  collected,  interpreted,  stored 
arid  reproduced  (Montanari  and  Townsend,  1977).  The  MHU  for  this  task  is  approximately  H ha: 
the  update  interval  is  8-10  years. 

USGS  publishes  several  series  of  topographic  maps  of  the  U.S.  as  part  of  its  National  Mapping 
Program  (U.S.  Geological  Survey  and  National  Oceanic  and  Atmospheric  Administration,  1977). 

These  include  the  standard  1 :250, 000-scale  series  covering  the  entire  country  and  the  1:24, 000- 
scale,  7.5-minute  series  which  is  incomplete.  There  are  approximately  3,600  7.5-minute  quad- 
rangle areas  in  the  coastal  zone  of  the  conterminous  United  States,  Hawaii  and  Puerto  Rico. 

This  number  includes  shoreline  quadrangles  plus  adjacent  inland  quadrangles. 

USGS  is  increasing  emphasis  on  production  and  revision  of  maps  in  the  coastal  zone  to  provide 
users  with  accurate  and  up-to-date  maps  for  the  entire  zone,  Because  many  of  the  7.5-minute 
quadrangle  areas  need  new  mapping  or  revision,  quick-response  products  such  as  orthophotoquads 
arid  interim  revision  will  be  provided  for  many  coastal  areas.  After  consultation  with  State 
and  Federal  agencies,  a new  map  series  at  1 -.100, 000-scale  is  being  produced  by  USGS.  This 
series  is  intended  to  serve  as  an  intermediate  scale  base  map  for  State,  regional  and  national 
projects.  Research  projects  such  as  the  mapping  of  wetlands  of  Doboy  Sound,  Georgia,  7.5- 
minute  quadrangle  (McEwen  and  others,  1976)  help  USGS  assess  additional  capabilities  for  mapping 
specific  themes  in  more  detail  than  is  presently  shown.  A cooperative  program  with  National 
Odeani  Survey  (NOS)  has  resulted  in  a Topographic/bathymetric  map  series  at  1:24,000,  1:100,000 
and  1:250,000  scales  where  bathymetric  data  exists.  This  series  at  the  1:250,000  scale  also 
contains  the  Bureau  of  Land  Management  lease  block  protraction  diagrams  including  the  3-mile 
limit  line. 

Coastal  wetlands  are  also  being  inventoried  and  mapped  operationally  on  a national  basis  as 
part  of  the  Land  Use  and  Data  Analysis  (LUDA)  program  (USGS).  The  LUDA  system  Level  II  classes 
are  Forested  and  Nonforested  Wetland  (Anderson  and  others,  1976)  --  only  vegetated  classes  are 
considered  wetlands.  High-altitude  color  IR  photographs  are  the  basic  data  source  for  the 
1:250,000-  and  1 : 100,000-scale  map  products.  The  MMU  for  this  inventory  is  40  acres,  the 
recommended  update  period  is  5 years. 

Aircraft  photographs  are  definitely  the  tool  of  the  present.  In  spite  of  disagreement  over 
film  types  and  scales  and  in  spite  of  the  problem  of  obtaining  overflights  at  the  time  and 
tidal  stage  desired,  a majority  of  inventories  presently  in  progress  are  making  use  of  some 
type  of  aerial  photographs.  In  light  of  the  high  resolution  of  new  aerial  films  such  as  those 
used  in  the  Skylab  Earth  Terrain  camera,  photographs  from  the  Space  Shuttle,  scheduled  for 
launch  in  the  1980‘s  (Schweickart,  1975),  could  conceivably  be  used  for  update  or  monitoring 
at  scales  of  1 :100,OOQ  or  possibly  larger,  Even- if- increasingly  supplemented  by  aircraft  or 
satellite  digital  data,  aerial  photographs  will  remain  a major  data  source  for  the  foreseeable 
future  because  of  their  high  resolution  and  the  versatility  and  economics  of  manual  photo- 
iriterpretation  versus  automated  digital  mapping. 


Satellite  data 

There  are  no  documented  operational  wetland  programs  that  use  satellite  data  for  mapping. 

Some  coastal  wetland  classification  and  mapping  has  been  done  experimentally  with  Skylab 
photographs  (Anderson  and  others,  1975;  1976;  Klemas  and  others,  1974a;  1975)  but  these  data 
are  not  available  for  the  entire  U.S.  coastline.  The  use  of  Landsat  data  is  generally  still 
in  the  experimental  phase  with  coastal  marshes  having  received  the  most  attention  to  date. 

The  program  closest- to  being  operational  at  present  is  that  of  Texas,  where  present  plans  are 
to  map  natural  vegetative  associations  at  1 ;250, 000-scale  for  the  entire  state  using  Landsat 
digital  data  (U.S.  Fish  and  Wildlife  Service,  1976). 
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The  potential  of  both  Landsat  images  and  digital  data  for  gross  mapping  of  coastal  marshes  has 
been  demonstrated.  Anderson  and  others  (1974,  1975),  and  Carter  and  others  (1973),  showed  that 
Landsat  images  could  be  used  to  map  wetland  vegetation  in  the  Chesapeake  Bay  area  and  along  the 
Georgia-South  Carolina  coast  and  to  classify  marshes  by  salinity  type  in  South  Carolina.  Their 
research  also  showed  that  tidal  stage  affected  wetland  reflectance  characteristics,  that 
seasonal  data  were  needed  to  identify  and  delineate  fresh  tidal  marshes,  and  that  Landsat  could 
be  used  to  monitor  large-scale  wetland  alterations  (dredge  disposal,  canal  construction,  road 
building).  Reeves  (1973)  used  unsupervised  classification  techniques  to  map  marsh  and  water 
bodies  of  Galveston  Island,  Texas.  Carter  and  Schubert  (1974)  demonstrated  the  use  of  Landsat 
digital  data,  field  spectral  reflectance  measurements  and  a look-up  table  digital  analysis 
approach  to  map  wetland  vegetation  classes,  mud  flats  and  spoil  at  1 :20, 000-scale  in 
Chincoteague  Bay,  Virginia.  Carter  (1976)  correlated  area  measurements  from  the  Chincoteague 
study  to  local  primary  productivity  figures  to  estimate  the  yearly  production  from  this  marsh. 
Klemas  and  others  (1974a,  1975)  used  Landsat  digital  data  to  classify  coastal  vegetation  in 
Delaware,  achieving  accuracies  as  high  as  80%  in  identification  of  classes.  Bartlett  and 
others  (1977)  have  currently  developed  a method  to  use  field  spectral  measurements  and 
atmospheric  corrections  in  developing  algorithms  for  Landsat  classification  of  coastal  vegeta- 
tion. Butera  (1976)  used  aircraft  and  satellite  MSS  data  to  determine  Louisiana  marsh  salinity 
zones  from  indicator  plant  species.  In  Georgia,  the  Department  of  Natural  Resources  prepared 
a public  education  poster,  "Georgia's  coast,  wetlands  and  geologic  resources",  with  the  aid  of 
Landsat  digital  data. 

In  other  studies  involving  coastal  wetlands  (Dolan  and  others,  1977)  have  used  Landsat  images 
to  determine  the  orientation  and  length  of  shoreline  segments  within  larger  crescentic  forms 
found  along  the  Atlantic  coastline.  Faller  (1977)  has  developed  a technique  to  detect  and 
measure  shoreline  (land-water)  interfaces  from  Landsat  classified  data.  The  Defense  Mapping 
Agency  (DMA)  Hydrographic  Center  is  using  MSS  data,  primarily  the  green  band,  to  evaluate  and 

update  medium  and  small  scale  nautical  charts  (Hammack,  1977). Not  only  have  new  reefs  and 

shoal  areas  been  charted,  but  many  revisions  were  made  following  the  discovery  of  positioning 
errors  up  to  18  km.  This  work  was  initiated  following  the  NASA/Consteau  Ocean  Bathymetry 
Experiment  which  proved  the  feasibility  of  satellite  bathymetry  in  clear  ocean  waters  (Polcyn, 
1976). 

Many  problems  remain  to  be  solved  before  Landsat  is  considered  an  operational  tool  for  use  by 
wetland  managers.  The  principal  constraints  on  the  use  of  the  present  Landsat  MSS  data  for 
operational  wetland  mapping  and  inventory  are  the  necessity  for  geometric  accuracy  and  the 
need  for  better  spatial , spectral  and  radiometric  resolution.  Management  requirements  and 
legal  considerations  for  wetlands  necessitate  great  accuracy  in  boundary  placement  and  map 
scales  of  1:24,000  or  larger,  Landsat  image  data  meet  NMAS  at  scales  of  1:500,000  or  smaller 
(McEwen  and  Schoonmaker,  1975),  but  Landsat  digital  data  must  be  geometrically  corrected  to 
make  accurate  maps.  The  methodology  for  geometric  correction  and  sampling  is  now  fairly  well 
established  (Riffman  and  McKinnon,  1974;  Caron  and  Simon,  1975,  Rowan  and  others,  1974; 
Bernstein  and  Stierhoff,  1976),  but  the  costs  are  still  high  and  the  process  is  time-consuming. 

Spatial  resolution  presents  a continuing  problem;  the  useable  spatial  resolution  of  the  current 
MSS  niay  be  less  than  the  nominal  resolution  of  0.45  ha  due  to  interaction  of  contrasting  scene 
elements  or  boundary  pixels.  Dolan  and  others  (1977)  summarize  the  recognition  of  landscape 
elements  in  the  coastal  zone  on  imagery  of  various  types  and  scales.  In  most  cases,  Landsat 
images  appear  to  be  rather  poor  for  recognition  of  the  landscape  elements  listed  relative  to 
photographic  images.  Many  linear  wetlands,  for  example,  "fringe  marshes",  beaches  or  rocky 
coasts,  are  not  easily  identified  with  Landsat.  Other  wetlands  are  a conglomeration  of  highly 
interspersed  wetland  types  and  the  average  signature  within  a pixel  may  not  be  at  all  repre- 
sentative of  any  wetland  type.  It  has  been  clearly  demonstrated  that  Landsat  data  are  useful 
and  reliable  for  spectral  discrimination  of  large,  vegetated  coastal  marshes,  but  further 
research  and  perhaps  new  spectral  bandwidths  are  needed  to  provide  spectral  parameters  for- 
detailed  classification  of  both  vegetated  and  non-vegetated  wetland  types.  The  desirable 
Landsat. spatial  resolution  for  direct  interface  with  regional,  national,  and  State 
ihveiitdfles  would  appear  to  be  approximately  k ha  or  less. 

L FUTURE  USE  OF  REMOTELY-SENSED  DATA 

We  have  seen  that  operational  wetland  inventories  are  being  conducted  by  State  and  Federal 
agencies,  universities,  and  other  interested  groups  and  that  these  inventories  and  the 
accompanying  maps  supply  information  at  all  levels  of  detail  from  the  simple  to  the  complex. 
There  is  no  reason  to  believe  that  management  needs  in  the  coastal  zone  will  become  any  less 
detailed  or  specific  in  the  future  nor  is  there  reason  to  believe  that  special  purpose  inven- 
tories will  cease  to  be  necessary.  Legislation  for  areas  of  "critical  environmental  concern" 
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or  endangered  species  habitat,  for  example,  may  necessitate  new  inventories.  It  is  probable, 
however,  that  if  the  NWI  is  successfully  performed  to  the  level  of  detail  presently  anticipated, 
that  the  inventory  products  will  supply  a commonality  of  definition  and  classification  and  give 
a better  understanding  of  the  national  picture.  Continuing  research  may  find  solutions  to  the 
problems  that  still  confront  us,  i.e.,  the  mapping  of  tidal  datum  planes,  the  detection  and 
mapping  of  submerged  vegetation  in  turbid  coastal  areas,  and  the  realistic  evaluation  of  the 
coastal  wetland  resource, 

Landsat  digital  data  appear  to  be  a powerful  tool  with  which  to  update  the  present  inventories, 
monitor  wetlands,  human  impact  and  vegetative  trends,  and  possibly  to  use  on  an  operational 
basis  for  inventory  in  Alaska  where  available  map  coverage  is  1 :63, 360-scale  and  smaller  and 
the  area  is  vast.  However,  in  order  to  provide  satellite-derived  wetland  boundaries  and  classes 
with  sufficient  resolution  to  interface  directly  with,  and  update  inventories,  at  the  national, 
regional,  or  State  level,  the  nominal  spatial  resolution  must  be  increased  and  geometric 
correction  of  digital  data  must  be  made  economical. 

Many  of  the  problems  inherent  in  data  from  Landsat  1 and  2 may  be  solved  by  new  data  processing 
methodology  and  technological  improvements  to  Landsat  C and  D (Billingsley  and  others,  1976). 
iLandsat  C will  have  a MSS  like  that  in  Landsat  1 and  2,  but  a thermal  band,  10.40-12.6  pm,  with 
a resolution  of  234  m will  be  added.  The  Landsat  C Return  Beam  Vidicon  (RBV)  will  have  two 
individual  cameras  that  operate  in  the  same  spectral  band,  0.50B  to  0.750  pm.  The  resolution 
will  be  90  line  pairs/mm  and  each  camera  will  review  a 98  km  square  ground  scene.  The  Thematic 
Mapper  (TM)  of  Landsat  0 will  have  six  spectral  bands:  0.45  to  0.52  pm,  0.52  to  0.60  pm,  0.63- 
0.69  pm,  0.76-0.90  pm,  1.55  to  1.75  pm,  and  10.40  to  12.50  pm.  The  resolution  of  bands  1-5  will 
be  30  m,  the  resolution  of  band  6 (thermal)  will  be  120  m.  The  dynamic  range  will  be  raised  to 
256  quantification  levels. 

! 

The  increased  number  of  spectral  bands  and  the  improvement  of  ground  resolution  to  30  m 
(approximately  0.12  ha)  should  improve  the  capability  to  map  and  inventory  wetlands  according 
to  present  legislative  requirements.  These  maps  will  not  have  boundaries  accurate  enough  for 
use  as  the  basis  for  litigation  or  for  conducting  regulatory  functions.  However,  improvement 
should  be  seen  in  separation  of  different  wetland  types  once  spectral  and  seasonal  variables 
and  combinations  of  bands  and  seasons  are  established  through  further  research.  Present  in- 
dications are  that  data  from  at  least  2,  and  possibly  3 or  4 dates,  will  be  needed  to  identify 
all  wetland  types  and  to  determine  hydrologic/vegetative  boundaries.  Increased  dynamic  range 
of  the  sensor  will  allow  finer  radiometric  classification  and  therefore  increase  the  probability 
of  separation  and  accurate  classification  of  wetlands  with  closely  similar  spectral  signatures. 

Ultimately,  efficient  methods  must  be  devised  to  extract  information  on  a relatively  routine 
basis.  Improvement  in  data  systems,  data  interpretation  and  data  processing  is  extremely 
desirable.  The  anticipated  quantity  of  data  from  Landsat  D foreshadows  the  urgent  need  in 
this  area.  Small  individual  wetland  inventories  (county,  even  State)  could  be  accomplished 
with  present  methodology  and  the  improved  resolution,  but  the  problems  of  extraction  of  nation- 
wide wetland  information  needs  additional  attention.  Present  attempts  at  regional  or  State 
mapping  are  being  concentrated  on  overall  land  use  and  land  cover  and  will  not  provide  the  more 
detailed  wetland  classification  needed  to  accomplish  a national  inventory. 

Until  research  on  satellite  methodology  is  farther  along,  aircraft  data  will  still  be  needed  to 
check  accuracy,  evaluate  analysis  results,  and  provide  products  of  the  high  resolution  and 
accuracy  required  for  ongoing  operational  programs.  Demands  for  auxilliary  aircraft  coverage 
Should  not  be  excessive,  provided  the  data  exists  for  the  correct  season(s).  However, 
additional  aircraft  coverage  may  be  required  where  detailed  ongoing  monitoring  is  necessary. 

Finally,  it  should  be  recognized  that  satellite  data  have  great  potential  fof  global  wetland 
inventory  where  very  little  information  exists.  Two  programs  having  potential  use  for  such 
data  are  the  Man  and  the  Biosphere  (MAB)  program  and  the  International  Conservation  of  Nature 
and  Natural  Resources  (ICNU)  program  on  wetlands. 

I SUMMARY  AND  CONCLUSIONS 

This  paper  has  presented  an  overview  of  the  applications  of  remotely-sensed  data  to  coastal 
wetlands.  Technical  problems  include  (1)  definition  and  classification;  (2)  scale, formats  and 
boundaries;  (3)  evaluation,  (4)  submerged  aquatic  plants^  and  (5)  overlapping  responsibilities. 
Today's  operational  inventories  in  coastal  states  are  built  on  the  past  decade  of  research  and 
technology  development  in  remote  sensing  of  wetlands.  These  inventories  and  map  products 
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U|tilize  aerial  photographs  as  a basic  data  source  and  differ  in  scale,  format,  MMU,  classifica- 
tion  system  and  purpose.  The  FWS  is  conducting  a new  national  inventory  of  wetlands  which  is 
iptended  to  provide  a standardized  basis  for  comparison  of  wetlands  - it  too  will  use  available 
asrial  photographs  as  a basic  data  source. 

satellite  data  may  provide  an  accurate,  reliable  and  economical  source  to  update 
wetland  inventories  and  to  monitor  or  evaluate  coastal  wetlands.  The  improvement  in  technology 
accompanying  the  develo^ent  and  launch  pf  Landsat  C and  D and  the  Space  Shuttle  promise  to 
wetLnds^^^^*^  * more  powerful  tool  to  supply  future  management  needs  for  coastal 
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TABLE  I;  Selected  research  projects  in  remote  sensing  of  coastal  wetlands 


Authors 

Type  of  Study 

Data  Source 

Conclusions 

Cameron  (1950) 

1 

\ Seaweed  survey 

low-altitude  filtered  B/W 
panchromatic,  color 

Aerial  photography  a rapid  method  to  survey  seaweed 
to  4 fathoms  depth.  Color  is  superior  to  B/W.  Two 
species  can  be  differenciated. 

Olson  (1964) 

Tidal  fresh  marsh 
vegetation  studies 

low-altitude  black-and-white 
(B/W)  panchromatic,  color 
and  color  negative 

General  types  of  marsh  vegetation, broad  ecological 
zones,  and  many  plant  species  and  associations  can 
be  recognized.  There  are  little  differences  in 
accuracy  between  the  three  types  of  photographs. 

Stroud  and  Cooper 
(1968) 

Tidal  salt  marsh  ; 
vegetation  and  pri- 
mary productivity 

iow-altitude  color  and  color 
IR 

Acreages  of  community  types  may  be  determined  with 
color  IR.  Estimates  of  primary  productivity  can  be 
made. 

1 

Pestrong  (1969)  | 

Tildal  salt  marsh 
vegetation  and 
geomorphology 

low-altitude  multiband 
photographs,:  color,  color  IR 
and  B/W  panchromatic 

i ■ 

Color  IR  best  for  vegetation  discrimination. 

Anderson  (1969) 

Tidal  fresh  and 
(brackish  marsh 
vegetation 

ibw-altitude  color  IR  from 
June  and  September,  thermal 
IR 

M ' • 

Color  IR  superior  to  color  for  marshland  plant  - 
delineation,  especially  with  increase  ip  altitude, 
thermal  infrared  can  be  used  to  identify  certain 
species.  Seasonal  changes  in  vegetation  affect 
interpretation. 

Kelly  and  Conrad 
(1969) 

Shallow  water 

low-altitude  color,  B/W 
photographs,  satellite 
photographs 

Location,  depth,  and  quantitative  characteristics  of 
bottom  biota,  sediments,  and  morphology  identified. 
Density  of  algae  and  sea  grass  can  be  estimated. 

Carter  and 
Anderson  (1972) 

Tidal  marsh 
spectral  reflectance 

low-altitude  color  IR  high- 
altitude  color  IR  spectral 
ref 1 ectance  measurements 

Spectral  reflectance  differences  between  marsh 
i plants  depend  on  density,  leaf  orientation,  back- 
ground water  or  soil,  and  sediment  deposited  on 
leaves. 

Cibula  (1972) 

Fresh  to  brackish 
tidal  marsh  vege- 
tation 

4l*"craft  multi  spectral 
scanner 

Classification  of  plant  communities  possible  with 
automatic  pattern  recognition  techniques  and  limited 
ground  calibration. 
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Table  I:  continued 


Authors 

type  of  Study 

Data  Source: 

Conclusions 

Guss  (1972) 

Tidal  salt  marsh 
vegetation  and 
tidal  boundaries 

lowraltitude  color,  color  IR 
and  multispectral  photographs 

Color-combined  multispectral  photography  recommended 
to  differenciate  species  and  to  locate  MHW  line. 

Re 1 mo Id  and 
others  (1973)  - 

Tidal  salt  marsh 
vegetation  and  pri- 
mary productivity 

low-altitude  color  IR, 
thermal  imagery 

Color  IR  increases  accuracy  of  primary  productivity 
lestimates  for  large  marsh  areas. 

: i 

Anderson  and 
Wobber  (1973) 

Tidal  marsh  vege- 
tation and 
boundaries 

low-altitude  color  IR  and 
color 

Pilot  study  shows  biological  discrimination  tech- 
iniques  can  be  applied  to  operational  wetland  species 
land  boundary  mapping. 

Klemas  and 
others  (1974b) 

Tidal  mai^h 

vegetative 

communities 

high-altitude  color  IR 

Delaware's  coastal  wetlands  inventoried  using  manual 
interpretation  and  multispectral  analysis. 

• i • 

McEwen  and 
others  (1976) 

Tidal  niarsh 
boundaries  and 
species 

high-altitude  color  IR 

Vegetation  interpretation  practical .economic  and 
accurate  for  establishing  upper  wetland  boundary 
within  NMAS.  Interpretations  were  made  from  color 
IR  to  drthophoto  base. 

Shitna  and 
others  (1976) 

Tidal  fresh  marsh 

low-altitude  color  IR 

Low-altitude  color  IR  good  for  mapping  fresh-water 
marshes  if  season  is  considered  and  systematic  field 
checking  is  done.  Extrapolation  from  one  area  to 
another  is  difficult. 

Martin  (1975)" 

Tidal  marsh  map 
products 

high-altitude  multispectral 
B/W 

Color  orthophotoquads  may  permit  direct  interpreta- 
tion of  coastal  features  without  transfer  of 
interpreted  data  from  photographs  to  orthophoto  base. 
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TABLE  II;  Wetland  inventories  of  the  New  England  coastal  states. 

* I = not  completed,  P = partial  coverage,  C=  completed.  Where  more  than  one  inventory  exists*  inventories  are  numbered. 


Inventory  : Data  Source 

Status 


low-altitude  2 ha 

B/W  panchromatic  0.4  ha 


New  Hampshire 


low-altitude 
B/W  panchromatic 


0.8  ha 


Massachusetts 


low-altitude 
B/W  panchromatic 


Rhode  Island 
(1)  salt  marsh 
inventory 


low-altitude 
B/W  panchromatic 


(2)  wetland 
i nventory 


low-altitude 
B/W  panchromatic 


0.4  ha 


(3)  map-down 


low-altitude 
B/W  panchromatic 


1.2  ha 


Connecticut 


low-altitude 
B/W  panchromatic 


* Information  if,rofn  JJ_.S.  Fish  and  Wildlife  Service  (1976) 


Product 

Scale 


Classification  System 


1:48,000  SCS  Soil  type  and  Maine  land  cover  system 
1;24,000 


1:24,000  SCS  soil  type 


1:24,000  modified  Martin  and  others  (1953) 


5 m (width)  1:12,000  species  listed  in  existing  laws. 


1:12,000  project  specific 


1:24,000  modified  Martin  and  others  (1953) 


1:24,000  species  listed  in  existing  laws. 
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TABLE  III;  Wetlandfnventories  of  the  central-AtTantic  states. 

* I = incomplete.  C = completed,  P * partial.  Where  more  than  one  inventory  exists,  the  inventories  are  numbered. 


state 

Inventory 

Status 

Data  Source 

MMU 

Product 

Scale 

Classification  System 

New  York 

I 

low-altitude 
B/W  panchromatic, 
color  IR 

0,2  ha 

1:24,000 

combined  Martin  and  others  (1953)  and  Golet 
and  Larson  (1974) 

New  Jersey 
(1)  Tidelands  i 

I 

low-altitude 
color  IR 

0.04  ha 

1:2400 

dominant  vegetation 

delineation 

(2)  Coastal 
wetlands 
inventory 

C 

low-altitude 
color  IR 

2 ha 

1:2400 

species  in  law 

(3)  Delaware 
River 
estuarine 
marsh 
survey 

CP 

field  survey, 
low-altitude 
B/W  panchromatic 

wider  than 
200  ft. 

1:24.000 

dominant  vegetation 

(4)  Wetland 
ecology 

c 

field  survey 

0.4  ha 

1:24,000 

loss  categories  - filling,  diking 

marsh 

destruction 

— ; ‘ 

Delaware 
(1)  Wetlands 
Atl  as 

1 

low-altitude — — 
B/W  panchromatic, 
color,  and  color 

2 ha  — 

1:24,000  - 

project -specific 

IR 

■ : 

(2)  State  wet- 
lands 
inventory 

C 

low-altitude 
color,  color  IR 
and  B/W  panchro- 
matic 

1.6  ha 

1:24,000 

species  listed  in  existing  law. 

* Information  from:U.S,  Fish  and„ Wildlife  Service  tl976) 
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TABLE  III:  contI nued 


Virginia 


State 

Inventory 

Status 

Data  Source 

NMU 

Product 

Scale 

Classification  System 

- 

(3)  Delaware 
River 
estuarine 
marsh 
survey 

ii  C 

high-altitude 
color  IR 

200  ft. 

1:24,000 

dominant  vegetation 

— 

Maryland 
(I ) Coastal 
wetland 
inventory 

■ ^ ■ \l  " ■' 

low-altitude 
B/W  panchromatic 
color,  and  color 
IR- 

0.1  ha 

1^2400 

dominant  vegetation 

(2)  Wetland 
habitat 
i nventory 

c 

field  survey 

2 ha  f-- 

1:63,360 

modified~Martin  and  others  (1953) 

field  survey, 
supplemental 
with  low- 
altitude  color 
IR  dr  B/W 
panchromatic 
if  available 


0,10  ha 


1:24,000  : dominant  vegetatfoh 
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* I - inr«nnini.»  Wetland  inventories  of  the  southern  Atlantic  and  Gulf  coast  states 

coftipl ete,_C-=-compl ete  ,-P-=-parti al^Where-more-  than-one-in ventory  exi sts , i h ventor i eTare^numbered . 


state 

Inventory 

Status 

Data  Source 

MMU 

Product 

Scale 

Classification  System 

--- 

North  Carolina 

I 

low-altitude 
B/W  panchromatic 

less  than 
0.4  ha 

1:24 

.000 

tidal  marshlands 

South  Carol ina 

c;J  !; 

low-al citudc 
B/W  panchromatic, 
color  IR 

0.4  ha 

1:24 

*000 

J"  . 

: project  specific 

Georgia 

high-altitude 
color  IR,  soil 
survey  reports 

1.2  ha 
4 ha 

1:20,000 

1:24,000 

Martin  and  others  (1953) 

Florida 

(1)  Carrying  capa-r 
city  for  man 
and  nature  in 
South  Florida 

IP 

: I 

high-altitude 
color  IR  and  B/W 
IRi  soils,  maps, 
previous  publica- 
tions 

4 ha 

1:77, 

1:25C 

1:151 

1:501 

116, 

),000, 

,000, 

,000 

gross  metabolism  - project  specific 

— 

(2)  Forested 
wetlands 

IP 

high-altitude 
B/W  IR 

4 ha 

1:80, 

1:500 

000, 

,000 

forested  wetlands  - project-  specific 

(3)  Northeast 

Gulf  Rivet 

Basins 

IP 

lowfaltitude  10  ha 

; B/|W  panchromatic 

^ 1:24, 

boo 

project  specific 

(4)  Central  and  | 

Southern  h 

Florida  i 

Control  ' 

District 

CP 

low-altitude 
B/W  panchromatic 

4 ha 

1:500,000 

wetlands 

* Information  from  U.S 

Fish  and  Wildlife  Service  0976) 

i i: 

i 


TABLE  IV:  contI nued 


(5)  Coastal  zone 
management 
atlas 


Mississippi 
(1)  PhotOmaps 
of  coastal 
wetlands 


(2)  Marshes 


Alabama 
(1)  coastal 
wetlands 


(2)  Coastal  : 
ecological 
habitats 


Louisiana 

(1)  Coastal 
resources 
program 

(2)  Inventory 
of  basic 
environ- 
mental data 


Inventory  -Data  Source 

Status 

IP  low-altitude 

B/W  panchromatic 

C low-altitude 

B/W  panchromatic, 
high-altitude 
color  infrared 


high-altitude 
color  IR 


field  survey 


low-altitude 
B/W'  panchromatic, 
some  color  IR 


high-altitude 
color  IR 


high-aititude 
color  IR 
published  vege- 
tation map 


high-altitude 
color  IR 
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TABLE  IV:  continued 


Inventory 

Status 


Data  Source- 


(3)  Inventory 
of  basic 
environ- 
mental data 


high-altitude 
color  and  color 
RI,  Landsat 


(4)  Vegetation, 
water  and 
soil  of 
Louisiana 
coasit 


Texas 

(1)  Habitat  type 
mapping 


(2)  EhVifoh- 
mental 
geologic 
atlas  6f 
the  coastal 


field  survey 


aerial  photos 
previous  publica- 
tions 


Larjdsat 


1:380,000  project  specific 

: ■ I..'  ; 


1:125,000 

l;:250,000 


environmental  geologic  units 


natural  yegetatiibn  associations 
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TABLE  V:  Wetland  Inventories  of  the  Pacific  coast  states. 


Oregon 

(1)  Coastal  con- 
servation 
and  Develop- 
ment Corn- 
mi  ssion 

high-  and  low- 
altitude  aerial 
photographs 
previous  publica- 
tions 

1 

varies  from  report-to-report  - coastal  zone  ' 
classes 

c 

i less  than 
i 0.4  ha  to 
258  ha 

1.12  »o00  to 
1:250,000 

(2)  Estuaries 

C 

low-altitude 
B/W  panchromatic 

— 

1:12,000 

ls24,000 

estuary  study 

* Information  from  p.S.  Fish  rand' Wildlife  Service  09^61 


* I = 

incomplete,  C = 

complete,  P = partial. 

Where  more  than  one  inventory  exists,  inventories  are  numbered. 

State 

Inventory 
i Status 

Data  Source 

HNU 

Product 

Scale 

Classification  System 

t 

California 
(1)  Wetland 
studies 

IP 

previous  publica- 
tions low-altitude 
B/W  panchromatic 

varies 

1:12,000  to 
1:120,000 

varies  from  report-to-report 

k 

(2)  Coastal 
plain  1 

C 

previous  publica- 
tions low- 
altitude  B/W 
panchromatic  color 

8.1  ha 

1:62,500 

Wetland  or  Estuary 

" 1 

■ ii 

(3)  North 
coastal  — 
region 

CP 

low-altitude  color, 
high-altitude  and 
low-altitude  color 
IR 

1:24,000 

identified  only 

, ..  ....  ^ 

, J,  i_  J . 

11 

s. 

(4)  South  San 
Francisco 
Bay 

CP 

field  survey 
previous 
publ 1 cation 

100x100  ft. 

! 

i 

1:24,000 

1:2400 

project  specific 

■ ■ l! 

1: 

»■ 

(5)  Suisun 

CP 

low-altitude 

1:24,000 

vegetation 

' ■ 

marsh 

color 

: ■ i ; ■ ■ 
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TABLE  V:  continued 


State 


Inventory  Data  Source 
Status 


MMU 


Product 

Scale 


Classification  System 


Washington 
(1)  Oil  base- 
line study 


low-altitude 

color 


1:24,000  9 habitat  types 


(2)  Skagit 
County 
wetlands 


CP 


high-altitude 
color  IR,  color 


0.4  ha 


project  specific 
modified  Martin  and  others  (1953) 


(3)  Gray's 
harbor 
dredgi ng 
study 


(4)  Jefferson 
County 


Ecological 

Subsystem 


ORIGINAL 
OF  POOR  QUALITY 


Dead 

Needle-leaved  Evergreen  — — — Chamaecyparis  thyoides 

Broad-leaved  Evergreen  Rhizophora  mangle 

Needle-leaved  Deciduous  Taxodium  distichum 

Broad-leaved  Deciduous  Nyssa  sylvatica 


Dead 

Needle-leaved  Evergreen 
Broad- leaved  Evergreen 


young  Chamaecypa 
Myrica  cerifera 


thyoides 


Needle-leaved  Deciduous  young  Taxodium  distichum 

Broad- leaved  Deciduous  Iva  frutescens 


Succulent  - Salicornia 

Broad- leaved  Peltandra  virginica 

Narrow-leaved  Spartina  alterniflora 


Littorine/Lichen 

Limpet 

Balanoid 

Hytil us/Mitel  la 

Fucoid 

Laminaroid 

Coralline 


Uca,  Ocypode 


Organic 

Vegetated 

hne 

Coarse 


Zostera  marina 


Worm  

Mollusc  -- 


Worm  -— 
Mollusc 


Floating  

Floating- lea  veil  — - 
Submergent  vascular 
Submergent  algal  — 


Worm 

Sponge  

Wollusc  - 

Crustacean 

Ascidian 

Alcyonarian 

Barren 


Sabellariid 

Crassostrea 

Sabellariid 

Crassostrea 


Eichornia  crassipes 
Nuphar  advena 
Zostera  marina 
Hal  ir.ieda 


Spi rochaetopterus 


Pecten . Rangia 

Cnemidocarpa 

Muricea 
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AN  OVERVIEW  OP  REMOTE  SENSING  TECHNOLOGY  TRANSFER 
IN  CANADA  AND  THE  UNITED  STATES 
W.  M.  Strome 

Canada  Centre  for  Remote  Sensing 


D.  T.  Lauer 

U.S.  Geological  Survey 
ABSTRACT 

To  realize  the  maximum  potential  benefits  of  remote 
sensing,  the  technology  must  be  applied  by  personnel  re- 
sponsible for  the  management  of  natural  resources  and  the 
environment.  In  Canada  and  the  United  States,  these  mana- 
gers are  often  In  local  offices  and  are  not  those  respon- 
sllble  for  the  development  of  systems  to  acquire,  preprocess, 
and  disseminate  remotely  sensed  data,  nor  those  leading  the 
research  and  development  of  techniques  for  analysis  of  the 
data.  However,  the  latter  organizations  have  recognized 
t'hat  the  technology  they  develop  must  be  transferred  to  the 
management  agencies  If  the  technology  Is  to  be  useful  to 
society.  Problems  of  motivation  and  communication  associated 
with  the  technology  transfer  process,  and  some  of  the  methods 
employed  by  Federal,  State,  Provincial,  and  local  agencies, 
academic  Institutions,  and  private  organizations  to  over- 
come these  problems  are  explored. 


1.  INTRODUCTION 

The  process  of  technology  transfer  In  any  fields  is  complex.  Normally, 
research  results  require  decades  to  achieve  practical  application.  According 
to  a recent  study  by  Battelle  Columbus  Laboratories,  technologically  advanced 
societies  are  unable  to  quickly  transform  new  Ideas  into  successful  products. 
Time  from  the  first  year  of  conception  to  the  first  year  of  realization  for 
the  heart  pacemaker,  hybrid  corn,  and  the  oral  contraceptive  was  32  years, 

25  years,  and  9 years,  respectively.  Battelle  study  indicated  the  time  requir- 
ed to  develop  10  innovations  was  19.2  years. 


In  North  America,  conscientious  efforts  are  being  made  within  government 
agencies  and  some  academic  Institutions  to  shorten  the  time  leading  to:  the  J- 
application  of  the  technology  of  remote  sensing.  Many  methods  are  being  explor- 
ed, Including  the  use  of  conferences,  seminars,:  short  c.burses,  workshops, 
lectures.  Information  packets,  newsletters,  films,  slide  sets,  teaching  mod- 
ules, technical  reports  and  other  publications,  and  on-thfi-job  training  in 
joint  projects.  Common  to  all  of  thesb  methods  is  sOme  form  of  training  for 
prospective  users  of  the  technology,  backed  by  ongoing  research  Into  new 
methods  of  meeting  the  information-gathering  needs  of  resource  and  environment 
managers. 


A communication  problem  is  Inherent  in  the  establishment  of  an  understand- 
ing [between  the  remote-sensing  technologists  (li.e. , research  and  development 
personnel)!  and  the  resource  and  environmental  managers,  who  work  on  different 
kinds  qf  problems,  use  different  approaches  to  jthelr  solution,  and  operate 
under  different  political  and  administrative  pressures.  Often  a strong  resist- 
ance exists  on  the  part  of  the  user  to  apply  new  techniques  to  a task  that  he 
now  performs:  In  some  well  established,  traditional  manner.  Experience  has 
shown  that  each  approach  to  overcoming  these  Inherent  problems  In  technology 
transfer  must  be  geared  towards  creating  awareness,  instilling  maximum  cred- 
ibility, and  producing  positive  payoffs  for  the  manager.  Research  results 
must  be  repackaged  Into  more  understandable  forms  which  involve  the  user 
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through  access  to  specialized  equipment  and  opportunities  for  "hands-on" 
training. 


PROBLEMS  IN  TECHNOLOGY  TRANSFER 

The  problems  associated  with  transferring  remote-sensing  technology  to 
user  agencies,  l.e.,  those  entrusted  with  making  the  final  management  decisions 
with  respect  to  resources  and  environment,  are  complex.  These  prtiblems  are 
similar  to  those  Involved  In  any  technology  transfer  process  and  nrly  be  broken 
down  to  two  broad  categories:  motivation  and  communication. 

Motivation 

Before  any  attempt  can  be  made  to  transfer -a  new  technology  to  a prospec-i 
tlve  user,  he  must  be  motivated  to  accept  It.  Thus,  it  Is  useful  to  examine  ' 
some  of  the  factors  which  might  mitigate  against  such  acceptance.  Downs  (1367) 
studied  the  difficulties  associated  with  effective  utilization  of  digital  com- 
puters in  "urban  Information  systems".  Those  engaged  In  efforts  to  transfer 
remote-sensing  technology  will  recognize  the  same  sources  of  resistance. 

New  technical  developments  may  be  viewed  with  skepticism  or  at  best  un- 
certainty and  uneasiness  by  the  key  decision  makers.  It  Is  usually  difficult 
to  Judge  whether  the  new  approaches  are  really  worth  the  cost.  Often  the  new  i 
technology  appears  overly  complex  to  the  manager  because  he  seeks  simple  solu-^ 
tlons  to  his  problems.  More  Important,  perhaps,  is.  the  question  as  to  how  the 
Information  gathered  with  the  aid  of  the  new  technology  will  affect  the  power 
and  influence  of  the  Individuals  engaged  in  the  decision-making  processes. 

The  final  payoffs  of  the  use  of  remote  sensing  In  a particular  situation  will 
be  determined  by  actual  Improvements  In  Job  performance,  or  by  actual  cost  , 
reductions  In  Information  gathering. 

Improved  Job  efficiency,  productivity,  or  a reduction  in  costs  as  a re^ 
suit  of  using  remote-sensing  technology  are  very  Important.  Ultimately,  how- 
ever, for  a decision-maker  to  be  won  over  by  the  technology,  "he  must  perceive 
a net  gain  In  his  decision-making  effectiveness,  and  hence  power,  at  thei ex|- 
pense  of  another  person's"  (Downs,  I967).  He  is  hot  likely  to  admit thii pub- 
licly, or  perhaps  even  to  himself!  Thus,  to tell  a manager  that  he'-will  be  ' 

able  to  reduce  his  budget  and  drastically  cut  his  staff  through  effective  use 
of  remote  sensing  may  actually  have  a negative:  effect  on  his  vd.ew..  .of  the  sub- 
ject, for  he  may  perceive  his  power  In  terms  of  his  budget;  and  staff.  On  the 
other  hand,  the  person  in  a position  to  redirect  the  salved  resources  may  in- 
deed see  advantages  in  the  application  of  the  new  technology.  , , 

Other  Important  factors  working  against  adoption  of  new  'prdceaures  are  the 
practical  difficulty  In  experimenting  with  a new  system  arid  the  danger  that 
the  new  system  may  not  effectively  reduce  costs  or  Ihcrease  production.  Gen- 
erally, any  decision-maker  has  a system  for  gathering  the  Inforriiation  he  needs 
to  do  his  management  tasks.  Normally  tight  limits  exls;t  on  the  ■ financial  and 
other  resources  at  his  disposal.  Implementation  of  a.,  new  technique  usually 
requires  diversion  of  already  limited  resources  in  a;  gamb]^e  that  the  new  ap- 
proach may  be  more  effective.  To  the  resource  or  environmeht  manager,  this, 
gamble  can  be  dangerous.  He  normally  doesnlt  have  the  resources  to  attempt 
a parallel  operation  using  the  new  method  as.  well  as  the  traditional  one. 
Moreover,  his  existing  staff  will  like3,y  possess  different,  possibly  lower, 
skills  than  those  required  to  exercise  the  new  techniques.  He  knows  how  to 
do  his  Job  with  current  resources,  but  he  Isn't  certain  that  the  new  technol- 
ogy will  enable  him  to  get  his  job  done  at  the  same  or  lower  costs.  Because 
he  doesn't  have  excess,  resources  to  enable  him  to  experiment,  he  cannot  afford 
to  take  the  risk  of  failing  to  meet  his  goals  in  cost-effectiveness  on  the 
off-chance  that  he  might  exceed  them  with  the  aid  of  remate  sensing. 

Lastly,  the  resource  manager  must  gain  the  confidence  of  his  own  upper 
management  when  implementing  changes.  Consequently,  he  must  not  only  under- 
stand the  new  technology  and  its  associated  risks,  but  must  also  be  articulate 
on  the  subject  before  his  superiors  to  gain  their  support. 


Communication 


I While  the  problems  of  communication  may  be  Just  as  difficult  as  the  moti- 
vational ones,  they  tend  to  be  better  understood.  Because  of  natural  inclina- 
formal  training,  and  work  experience,  technologists  are  used  to  solving  ; 
kinds  of  problems,  using  different  approaches,  and  operating  under 
different  pressures;  they  even  have  a different  "language"  than  the  resource  ' 

technologist  is  usually  an  engineer,  mathema- 
physicist  by  training.  He  generally  has  a strong  background  in  math- 
skilled  at  working  with  computers  and  other  machln- 
ry,  The  technologist  is  accustomed  to  precise  formulation  of  problems  that 
can  be  solved  by  the  application  of  a logical  series  of  strict  and  unalterable 

1 often  revels  in  complexity,  provided  that  it  can  be 
broken  down  into  simple,  completely  logical  sub  elements.  Generally,  the  tech- 
nologist s work  is  in  the  form  of  "feasibility  analysis"  performed  in  an  atyp- 
environment.  Often  he  is  overly  optimistic  about  the  practical 
utility  ol  his  results  and  frequently  presents  his  results  to  his  ovm  peer 

°£j'®°P'’ologlsts,  rather  than  to  the  potential  users  of  the  technology. 

jargon  to  express  the  problems  and  their  solution, 
but  this  language  may  be  unintelligible  to  the  uninitiated. 

4,  manager  may  ha-ve- less  formal  education  than  ^ 

the  t^echnologist,  at  least  in  physics  and  mat, hematics , which  are  the  founda- 
tlons-^for  the  lnf;elllgent  acquisition  and  analysis  of  remotely  sensed  data. 

the  manager  is  usually;  in  the  life ^^arth,  or  environmental 
ht-  at  least  mistrust,  computers  and  other  "machines". 
Many  of  his  problems  are  even  more  complex  than  those  of  the  technologist  and 
dp  not  lend  themselves  to  neat,  precise,  and  logical  compartmehtalization. 

using  subjective  Judgment  based  upon  experience  more  than 
he  application  of  straight  forward  rules  and  procedures.  Because  of  the  man- 
ager s experience  and  background,  he  may  find  it  impossible  to  express  his  prob- 
PJ’eclse  manner  desired  by  the  technologist,  even  when  these  proL 
lems  are  amenable  to  precise  expression.  The  manager,  too,  has  his  own  jargon. 

TACKLING  THE  MOTIVATION  PROBLEMS 

During  this  discussion  of  the  manager's  resistance  to  the  adoption  of  a 
new  technology,  the  picture  may  have  seemed  quite  bleak.  However,  it  must  be 
remembered  that  not  all  resource  and  environment  managers  resist  change,  and 
the  factors  cited  merely  help  to  explain  resistance  when  it  is  encountered. 

Many  managers  are  excited  by  new  ideas  and  concepts  and  are  willing  to  take 
risks  in  adopting  new  methods..  Sometimes  the  benefits  of  udlng  remote  sensing 
are  so  obvious  that  the  decision  maker  realizes  almost  Immediately  that  it  is 

evste^""  techniques  into  his  Infdrmatlon  gathering 

\ extent,  those  engaged  in  remote-sensing  technology 

resources  to  try  them,  i Indeed,  in  many  cases  it  Ls 

« tSrKoSSoJosfsS'”"”"* 

ed  tn  (e.g.,  Clough,  1-975)  are  generally  design- 

ed to  justify  the  application  of  the  technology  Itself,  they  are  also  used  to 
convince  users  of  the  value  of  remote  sensing.  However,  the  abllitro^tradL 
studies  to  facilitate  user  acceptance  remains  to  be  deraon- 
tn  contrary,  evidence  ruggests  that  potential  users  are  likely 

evaluations  with  extreme  skepticism  and  occa- 
hostility  (Sharp,  1977).  Dubious  assumptions  imbedded  in  ana- 
lytical models  often  obscure  the  problems  and  decision  processes  of  real-life 
standpoint  of  the  developers  of  remote-sensing  technology, 
of  realistic  assumptions  in  even  the  more  tidy  anai- 
Pvon  the  fruits  of  the  new  technology  are  not  really  worth  their  price, 

done  performed,  use  credible  assumptions,  and  are 

done  in  fuU  cooperation  with  the  user,  the  cost-benefit  figures  derived  are 
itv  on^®”  out  of  context.  Usually  the  benefits  are  increased  product! v- 

™o'i®tary  savings,  neither  of  which  can  be  properly  measured.  Thus,  after 
remote  sensing  is  adopted,  the  agencies  controlling  the  money  are  disappointed 


because  the  benefits  can  rarely  be  measured  in  terms  of  budget  or  staff  cuts. 

To  overcome  the  natural  resistance  to  adoption  of  remote-sensing  technol- 
ogy, the  agency  transferring  the  technology  must  continually  seek  out  those 
managers  who  are  receptive  to  change.  As  more  "success  stories"  are  written  or 
toldi,  more  of  the  conservative  managers  will  see  the  benefits  to  be  achieved  by 
remote-sensing  and  will  gradually  become  convinced  that  they  too  must  take  ad- 
vantage, of  the  new  management  tools.  Those  engaged  In  the  technology-transfer 
process  must  be  aware  of  the  "power  payoffs"  that  are  so  important,  even' if  only 
subconsciously  so,  provide  the  essential  motivation  to  the  manager.  This  may 
mean  seeking  out  the  correct  person  In  the  oi’ganizational  structure;  the  one 
who  will  definitely  see  the  power  gain  to  be  achieved  by  himself.  The  technol- 
ogy serves  f lesh-and-blood  managers  who  sorely  need  the  help  of  remote-sensing 
systems,  but jwho  will  not  accept  or  effectively  use  such  help  unless  It  serves 
their  own  Interests. 

TACKLING  THE  COMMUNICATION  PROBLEMS 

Training  and,  education  are  the  accepted  and  successful  approaches  to  tack- 
ling communlcatljons  problems  Ip  transferring  remote-sensing  technology  to  the 
resource  and  environment  managers.  Education  may  be  accomplished  at  the  univer- 
sity level  by  courses  In  the  environmental  sciences,  or  through  complete  pro- 
grams concentrating  on  the'appllcatlon  of  remote  sensing,  particularly  at  the 
graduate  level.  In  1975,  there  were  at  least  <170  courses  In  the  United  States 
and  64  In  Canada  that  stressed  remote  sensing  (Nealey,  1977).  Many  agencies. 
Including  universities,  offer  short-courses  of  1-  to  4-week  duration.  These’ 
range  from  elementary  introductory  courses  covering  ai  broad  range  of  disciplines 
to  highly  specla.ll2Gd  training  sessions  geared  to  the  needs,  to  users  in  special- 
ized areas  of  management.  Araohg  the  universities  offerlhg  this  type  of  short- 
course  training  are  the  University  of  Arizona,  University  of  California,  George 
Washington  University,  University  of  Idaho,  University  of  Kansas,  University  of 
Michigan,  University  of  New  Mexico,  Purdue  University,  Oregon  State  University. 
South  Dakota  State  University,  and  Texas  A & M University. 

Scientists  traditionally  communicate  nev;  techniques  and  research  results 
by  the  publication  of  technical  papers  and  reports  and  by  presentations  at  con- 
ferences and  symposia.  Those  methods  of  information  exchange  are  suitable  for 
communication  between  the  remote— sensing  technologist  and  the  i*esource— manager 
scientist.  It  is  encumbent  upon  both  the  technologist  and  resource-manager 
scientist  to  translate  these  research  results  Into  practical  applications. 

This  translation  can  work  quite  effectively  in  organizations  which  contain  both 
research  and  operating  branches,  or  in  operating  agencies  that  depend  upon  a 
research  agency  to  provide  nev/  techniques  and  methods. 

An  important  adjunct  to  the  training  prcgrams  of  agencies  engaged  in  the 
transfer  of  remote-sensing  technology  Is  the  preparation  of  complete,  yet  con- 
cise, training-aid  material.  This  material  is  normally  developed  by  an  agency 
to  Improve  its  own  efficiency  in  conducting  training  sessions.  Hov;ever,  if  the 
material  is  well  prepared.  It  can  be  used  by  other  organizations  engaged  In 
technology  transfer,  or  even  by  the  management  agencies  themselves.  * Such  aids 
may  include  films,  slide  sets,  video  tapes,  pi-lnted  course  material  including 
exercises  and  workshop  material,  and  teaching  modules.  Among  such  training 
aids  currently  available  is  the  mlnlcourse  series  on  the  fundamentals  of  re- 

available  from  Purdue  University  (Llndenlaub,  David,  and  Morrison, 
19.:i‘).  This  series  of  self-instructional  units  consists  of  a sot  of  slides, 
an^audio-tape,  and  a study  guide  for  each  minicourse,.  Widely  distributed  news- 
letters serve  to  keep  users  abreast  of  some  of  the  latest  devc.'lopments  in  the 
application  of  remote  sensing  to  management  problems.  Complete  documentation 
of  suc-'essful  approaches  used  during  the  execution  of  pilot  or  demonstration 
projects  can  be  employed  to  generate  information  packets  or  case  studies  that 
in  turn  may  be  used  by  managers  directing  v/ork  in  the  same  or  similar  fields. 

In  addition  ol  offering  formal  training,  most  non-academic  age/iciec 
engaged  in  the  transfer  of  remote-sensing  technology  provide  assistance  to 
users  through  informal _ consultation  services.  Such  consultation  may  consist 
of  hosting  visiting  scientists  and  managers,  answering  tolephone  inquiries,  or 
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^ome  agencies  operate  libraries  that  maintain  and  update 
collections  of  remote-sensing  literature  and  Information  and  provide  reference 
assistance  to  users  In  the  form  of  computerized  storage  and  retrieval  of  ref- 
Gric©'CXu3.tlons« 

4 i education  and  training  methods  described  above  are  Ideallv  suited  to 

introducing  the  new  or  prospective  user  of  remote-sensing  tLhSques  lo  tUe  sub- 
ject or  for  providing  occasional  assistance  to  the  well  established  user  Ex- 
shown  that  one  of  the  most  effective  methods  of  accomplishing  the 

is  through  demonstration  or  pilot  pro- 
These  projects  may  take  two  forms:  The  most  common,  and  often  least 

flectlve,  form  Is  used  when  the  technical  agency  Is  unable  to  find  an  interest- 
ed management  agency;  nevertheless,  the  technical  agency  Is  convlncerthat  re- 
motfe  sensing  could  and  should  be  used  to  solve  a particular  problem!  In 

the  technology-oriented  group,  augmented  by  scientists  and  engineers  fam- 
iliar with  resources  and  environmental  problems,  will  perform  a demonstration 
experiment  that  documeijts  the  results  and  benefits  to  be  achieved.  The  documen- 
tation is  then:  presented  tio  potentlal,  operational  users  as  an  example  and  tL! 
are  encouraged  to  adopt  trie  procedures . _.The  danger  in  this  approach  is  tLt 
the  user,-  not  being  directly  Involved,  may  feel  that  thrnew  IdeHj  Seinf 
thrust  upon  him  and  therefore  may  remain  skeptical  and  reject  the  proposal  for 

zalied  to  take  into  account  some  not-'so-obvious  factox*  that  is  ImDortant  to  the 
esource  or  environment  manager.  Qr  perhaps  resentment  may  drive  the  manager 
to  grasp  for  even  flimsy  excuses  tp  avoid  adoption  of  the  Lw  te!hnl!uel? 

Many  organizations  that  transfer  remote-sensing  technology  follow  a dq11- 
cy  of  conducting  demonstration  projects  only  In  coopfratlon  w!fh  a user  agency 
in  this  way  the  user  Is  fully  involved  from  the  ouLet,  and  can  Identify  lye n 
obscure  problems  as  the  techniques  are  demonstrated.  - Furthermore  tSough  his 

demonstration,  he  has  demonstrated ’thar“^^ 
the  techniques  a fair  trial.  Because  he  has  devoted  some  of 
his  owp  resources  to  the  project,  he  becomes  committed  to  Its  success  A conmon 
approach  adopted  by  agencies  transferring  remote-sensing  teehnology  Is  to  have 
an^user  agency,  be  it  Federal,  State,  Provincial . municipal ,tr^ 

attr^traltiM^™aSd®in°so‘  technical  agency  will  provide  technical  assist-^' 

’4''^  , cases  access  to  equipment  and  facilities  Each  nro- 

designed  to  demonstrate  the  utility  of  remote-sensing  technology  for 
resource-survey.  Inventory,  or  monitoring  problems.  The  procedures  for 
the  remote-sensing  techniques  are  usually  docurnentated , ^published, 
and  disseminated.  Usually,  these  projects  are  designed  for  a specific  user 
agency  responsible  for  only  one  management'  area.  However,  a few  very  ambltiou-' 

out^tL\hol!  Incorporate  remote-sensing  techniques  through^ 

out  the  whole  otate  government  resource  and  environment  management  structure! 

ana  in?!?  projoct  being  conducted  by  35  state  agencies,  regional  councils 

ageri  jn  th!  Includes  about  80  resource  and  environmental  iran- 

forest,  and  range  lands  and  in  the  study  and  mapping  of  urLt/land  u^^ 

|rsp;ci?L^"n\ar!f!S^rgeL\^r^^ 

procurement  of ^!ens5r^and%?r  tave  also  been  assisted  In  the 

procurement  of  sensor  and  recordang  equipment  for  airborne  data-acqulsitlon  sys- 

,,  Canada,  th©  Canadian  Cexxtre  oT  Hemot©  .‘•■enslns' 

the  Alberta  Remote  Sensing  Program,  Edmon^nfAibenafaJe  !h^mo!t  lJ?iv“^ 

iAS'f^odLr^Sn!?e^^^•^!!‘'?^•°F  Similarly,  In  the  UniLd 

torv  Slidell  T m!?!-! ^ Ureenbelt,  Maryland;  Earth  Resources  Labora- 
n ^ Research  Center,  Sunnyvale,  California.  Thri 

Pall  <5  cj  ^ Earth  Resources  Observation  Systems  Data  Center  Sioux 

nroera„  that  booj  on  to.  t44;4‘;r“4-" 
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Kost  of  the  industrial  organizations  that  manufacture  equipment  used  for 
the  analysis  of  remotely  sensed  data  also  provide  useful  technology  transfer 
services.  These  organizations  provide  user  assistance,  training,  and  ac<j;ess 
to  equipment.  The  organizations  engage  in  joint  projects  with  user  agencies 
who  have  demonstrated  their  commitment  to  the  work  by  their  willingness  to  pay 
for  assistance.  ‘ j 

The  key  concept  in  all  of  these  approaches  to  training  rthe  u^ers  ip  u^ilr 
izatlon  of  a team  containing  both  research  and  development  specialists  i 

resource  specialists.  By  working  together  both  on  a long— t^m  and  . 

basis,  the  communication  problems  are  overcome.  During  many  projects,  the 
remote-sensing  technologists  are  able  to  continue  their  research  into  the  devel- 
opment of  new  methods  of  acquiring  and  analysing  remotely  sensed  data.  Because 
the  technologist  is  in  dally  contact  with  the  discipline-oriented  scientist, 
they  are  not  Isolated  from  each  other  as  is  usually  the  case.  They  learn  each 
other's  jargon,  and  gradually  come  to  understand  each  other's  difficulties.  In 
this  way,  user  problems  are  more  easily  expressed  to  the  technologist,  who  is 
able  to  explain  the  technology  in  terms  that  can  be  understood  by  the  user. 
Despite  this  progress,  the  technology  developers  must  concentrate  more  on 
vlding  simple,  easy-to-use  solutions  rather  than  on  esoteric,  Incomiprehenslble 
ones . ■ ' ' ■ 

SUMMARY  AND  CONCLUSIONS 

As  more  operating  agencies  succeed  in  applying  the  tools  of  remote  sens- 
ing to  their  dally  management  problems,  the  reluctance  of  others  to  try  this 
relatively  new  technology  hopefully  will  decrease.  This  success  will  result 
in  an  increasing  need  for  those  who  already;  have  the  knowledge  and  capability 
to  provide  more  effective  education,  training  and  assistance  to  the  user.  To- 
day, the  remote-sensing  technologists  are  under  increasing  pressure  to  demon- 
strate the  value  of  this  technology  to  society.  Thus , it  will  become  more  im- 
portant to  document  the  benefits  achieved  through  this  technology,  even  if  they 
are  intangible.  The  need  for  this  documentation  should  be  stressed  in  all  forms 
of  training. 
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ABSTRACT 

The  transfer  of  technology  from  industrialized  countries  to 
3 third  world  is  a very  complicated  process  and  one  that  re- 
lives a great  deal  of  research  and  development.  The  political 
and  social  obstacles  to  this  transfer  are  generally  greater  than 
the  technical  obstacles,  but  technical  assistance  programs  have 
neither  the  competence  nor  the  inclination  to  deal  with  these 
factors  adequately.  Funding  for  technical  assistance  in  remote 
sensing  is  now  expanding  rapidly,  and  there  is  a growing  need 
for  institutions  to  study  and  promote  the  effective  use  of  this 
technology  for  economic  development.  The  United  Nations,  the 
Fo^d  and  Agriculture  Organization,  the  World  Bank,  the  United 
States  Agency  for  International  Development  and  the  Canadian 
technical  assistance  agencies  take  different  approaches  to  the 
problem  and  deal  with  the  political  pressures  in  different  ways. 


I.  THE  NATURE  OF  TECHNICAL  ASSISTANCE 

The  transfer  of  technology  from  research  and  development  to  operational  institutions  within 
industrialized  countries  is  a slow  and  difficult  process  since  the  gap  between  the  research  scientist 
and  the  operational  program  manager  is  large.  The  gap  between  the  research  scientist  in  an  indus- 
trialized country  and  the  program  manager  in  the  third  world  is  very  much  greater,  and  the  transfer 
of  technology  is  slower  and  more  difficult.  In  addition  to  the  difhculties  of  communication  and  motiva- 
tion which  exist  in  industrialized  countries  (Strome  and  Lauer,  1977),  there  are  greater  difficulties 
presented  by  cultural,  political  and  economic  differences. 

In  spite  of  these  often  overwhelming  obstacles,  there  is  a strong  tendency  for  international  tech- 
nical assistance  agencies  to  assume  that  the  transfer  of  technology  to  the  third  world  is  straightforward 
and. can  achieve  fast  results.  There  is  a pressure  to  fund  large  scale  operational  projects  which  are 
expected  to  produce  substantial  economic  benefits  in  a short  time  rather  than  to  fund  research  and  de- 
velopment projects  designed  to  increase  understanding  of  the  problems  involved.  As  a result,  the  pro- 
cess of  international  transfer  of  technology  is  very  poorly  understood  and  little  progress  is  being  made 
to  improve  the  situation. 


The  problems  of  technical  assistance  require  long  and  intensive  research  before  good  results 
can  be  reliably  expected.  Projects  should  have  extensive  preparatory  research  and,  even  more  im- 
portant, intensive  critical  evaluation  of  the  results  including  an  analysis  of  the  political  and  social 
factors  involved.  The  lack  of  critical  evaluation  in  technical  assistance  programs  is  an  almost  inevit- 
able result  of  the  political  nature  of  such  programs  and  is  therefore  not  an  easy  obstacle  to  overcome. 
An  understanding  of  the  forces  which  inhibit  this  critical  ^proach  requires  an  analysis  of  the  mechan- 
ism of  technical  assistance  and  the  political  forces  involved. 
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A technical  assistance  program  (Fig.  1)  consists  of  money,  supplied  by  taxpayers  in  an  indus- 
trialized country,  being  used  to  provide  experts  and  materials  to  a third  world  government  to  provide 
services  to  the  people. 

The  taxpayers  who  provide  the  money  do  not  expect  to  receive  any  benefits  from  the  program 
and  are  therefore  not  particularly  concerned  with  how  the  money  is  used  or  whether  it  achieves  the 
intended  results.  In  domestic  government  spending  programs,  by  contrast,  the  taxpayers  expect  to 
receive  benefits  and  will  critically  weigh  the  costs  and  benefits. 

The  technical  assistance  agency  that  spends  the  money  is  judged  internationally  on  the  basis  of 
how  much  money  it  spends,  not  on  how  effectively  it  spends  it.  Accordingly,  the  amount  of  money 
provided  is  determined  by  political  criteria  rather  than  by  the  results  or  the  need.  Whereas  domestic 
government  programs  must  justify  their  existence  and  compete  for  funds  on  the  basis  of  economic  and 
social  results,  technical  assistance  programs  are  rarely  called  upon  to  produce  cost-benefit  studies. 

Assistance  is  provided  primarily  in  the  form  of  experts  and  materials  from  the  donor  country 
and  is  always  provided  to  or  through  the  government  of  the  recipient  country.  Since  third  world 
countries  are  generally  culturally  heterogeneous  and  economically  and  politically  unstable,  the  tirRi 
priority  of  the  government  is  to  consolidate  central  authority.  Offers  of  assistance  will  rarely  be 
turned  down  since  they  contribute  to  the  power  and  prestige  of  the  central  authorities  regardless  of 
how  they  are  applied.  The  recipient  government  is  not  inclined  to  offer  any  criticism  which  might  in- 
hibit the  generosity  of  the  donor. 

The  final  element  of  the  system,  the  people  of  the  third  world  country,  have  very  little  voice  in 
the  whole  process.  Third  world  governments  are  almost  all  authoritarian,  and  the  gap  between  those 
in  power  and  the  largely  rural  and  illiterate  people  is  large.  The  press,  which  is  an  important  source 
of  critioal  review  in  western  industrialized  countries,  is  government  controlled  in  most  of  the  third 
world  and  cannot  serve  this  function. 


The  above  analysis  of  the  mechanisms  of  technical  assistance  shows  why  such  programs  are 
not  critically  evaluated  and  improved.  The  forces  that  monitor  the  effectiveness  of  domestic  govern- 
meiit  programs  are  lacking.  The  few  studies  of  such  programs,  mainly  by  writers  and  journalists 
from  industrialized  countries,  indicate  the  results  of  this  situation  (Linden,  1976,  Paddock,  1973, 
Sterling,  1976).  Agricultural  development  projects  turn  out  to  be  ecologically  unsound,  training  pro- 
jects produce  graduates  who  cannot  find  jobs,  equipment  lies  idle  for  lack  of  maintenance,  and  so  on. 


I Fortunately,  institutional  and  political  forces  are  not  the  only  forces  in  the  system.  Many  of 
the  individuals  involved  in  technical  assistance,  the  administrators,  the  experts,  and  the  recipient 
officials,  take  seriously  the  idea  that  the  programs  are  intended  for  the  welfare  of  the  people  and  re- 
sistj,  to  a greater  or  lesser  extent,  the  institutional  and  political  forces. 

Projects  that  have  been  successful  in  transferring  technology  have  often  achieved  their  accom- 
plishments through  the  efforts  of  one  person  who  combines  political  and  management  skills  with  techni- 
cal competence.  When  a project  is  small  enough  to  be  run  by  one  person,  and  a person  who  combines 
these  skills  is  available,  the  chances  of  success  are  good.  When  such  exceptional  individuals  are  not 
available  or  when  a project  is  too  large,  the  required  political,  managerial  and  technical  skills  must 
be  institutionalized.  Since  most  technical  assistance  programs  pay  little  attention  to  management  pro- 
blems, this  is  rarely  achieved. 


I The  problem  of  acquiring  the  variety  of  skills  required  can  probably  be  solved  more  easily 
in  a permanent  program  than  in  a short  term  project.  A permanent  institution  is  more  likely  to  attract 
and  can  afford  to  train  competent  staff  and  can  accumulate  the  experience  of  a variety  of  projects  over 
a long  period  of  time  as  individual  experts  come  and  go.  The  establishment  of  an  institution  with  spe- 
cific function  of  transferring  remote  sensing  technology  as  a long  term  program  between  a group  of 
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industriaUzed  countries  and  a group  of  third  world  countries  might  provide  a means  for  overcoming 
some  of  the  problems  discussed  above. 

2.  TECHNICAL  ASSISTANCE  INSTITUTIONS 
2. 1.  The  United  Nations 

The  United  Nations  consists  of  148  member  governments  whose  representatives  meet  annually 
in  the  General  Assembly  and  its  committees  and  sub-committees.  The  U.  N.  Secretariat  carries  out 
the  instructions  of  the  member  governments.  Since  all  authority  derives  from  the  governments,  ^d 
since  all  governments  are  regarded  as  equal,  all  U.N.  technical  assistance  must  be  available  to  ^1 
governments  without  restrictive  selection  criteria,  and  no  action  can  be  taken  which  might  offend  y 
member  government.  As  a result,  no  critical  evaluation  of  projects  can  be  earned  out  by  the  Secre 
tariat.  and  the  committees  and  sub-committees  have  neither  the  time  nor  the  competence  to  do  ‘he  Job. 

To  the  ext-nt  that  programs  are  evaluated,  this  consists  of  a review  of  the  number  of  projects  and  the 
number  ol  people  and  countries  involved.  There  is.  therefore,  a pressure  to  spread  resources  thinly 
to  increase  these  numbers. 

■^he  main  source  of  funding  for  technical  assistance  in  the  U.N.  is  the  United  Nations  Develop- 
ms.it  Program  (UNDP)  which  distributes  about  $400  MilUon  annually  among  the  third  world  member 
governments.  To  put  this  figure  into  perspective,  it  is  somewhat  less  than  the  aid  given  by  Canada 
Md  about  one  tenth  of  the  foreign  aid  given  by  the  United  States.  The  UNDP  allocates  a sh^e  of  this 
money  to  each  government,  and  the  government  tells  the  UNDP  how  it  wishes  the  money  to  be  spent. 

The  function  of  the  UNDP  is  to  assist  the  government  in  acquiring  the  desired  experts  and  materials, 
not  to  criticize  the  projects  or  study  the  results.  Since  the  priorities  are  established  by  the  recipient 
governments,  the  UNDP  does  not  promote  remote  sensing  or  any  other  particular  technology,  but  a 
number  of  governments  have  funded  remote  sensing  projects  through  the  UNDP. 

The  U N program  that  does  promote  the  transfer  of  remote  sensing  technology  is  the  Space 
AppUcations  Programme  which  operates  with  a staff  of  four  professionals  and  a budget  of  ^out 
$100  000  per  year.  The  main  effort  is  the  organization  of  about  four  seminars  each  year,  two  or  thrw 
of  which  deal  with  remote  sensing.  Since  this  allows  about  $20. 000  to  be  spent  on  each  seminar,  and 
since  the  total  expenses  for  each  are  about  $50.  000.  the  program  is  dependent  on  outside  financial 
support.  This  is  obtained  by  finding  a host  country  to  provide  faciUties  and  administrative  supp^. 
by  requesting  industrialized  countries  to  contribute  lecturers,  and  by  obtaining  contnbi^ions  fi^ 
other  technical  assistance  agencies.  This  additional  support  increases  the  number  of  participants  and 
thM  o„  to  in.olv.a  to  tto  progrto,.  b«.  rtoucs  th.  toto.rol  .to.  .to  O.N.  h«  o.to 
tion.  subject  matter,  and  ultimately,  effectiveness.  There  is  generally  bttle  money  available  for  course 
preparation,  evaluation  or  follow-up  contact  with  students. 

The  Space  AppUcations  Program  has  been  organizing  training  seminars  since  1971.  and  while 
its  financial  and  technical  resources  are  rather  Umited.  it  has  more  organizational  experience  ‘h^^y 
other  technical  assistance  agency.  The  U.  N.  Expert  on  Space  AppUcations  is  exploring  ways  ^ wm- 
bine  that  experience  with  the  technical  and  financial  resources  available  in  the 

tries  to  overcome  the  Umitations  imposed  on  the  program.  One  of  the  seminars  tertatively  planned  fo 
1978  will  be  funded  largely  by  the  Swedish  government  and  will  be  held  in  Africa  using  the  expenen 
of  some  of  the  established  resource  survey  projects  there.  This  sort  of  cooperation  may  allow  more 
time,  effort  and  money  to  be  put  into  the  preparation  of  course  materials. 

2.  2 The  Food  and  Agriculture  Organization  (FAO) 

The  FAO  is  the  U.N.  agency  responsible  for  projects  in  the  fields  of  agriculture,  forestry  and 
renewable  resources  in  general.  Wliile  many  of  the  resource  survey  projects  include  a remote  sensing 
component,  most  are  not  part  of  any  coordinated  effort  to  transfer  the  technology. 
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Like  most  technical  assistance  agencies,  the  FAO  has  a policy  emphasizing  field  work  as  opposed 
to  work  at  headquarters  in  Rome.  Since  field  projects  are  usually  carried  out  by  experts  recruited 
for  the  duration  of  the  project,  there  is  little  opportunity  for  the  accumulation  of  expereince  or  exper- 
tise at  headquarters  where  the  planning,  coordination  and  evaluation  of  the  program  must  be  done. 

In  recognition  of  the  potential  contribution  of  remote  sensing  to  the  development  of  renewable 
resources,  the  FAO  has  established  a Remote  Sensing  Unit  to  provide  facilities,  expertise  and  services 
both  to  FAO  projects  and  to  other  programs  in  member  countries.  The  resources  of  the  unit  are  applied 
to  third  world  problems  in  three  ways:  by  assisting  scientists  from  industrialized  countries  working 
in  the  third  world:  by  assisting  third  world  scientists  in  gaining  an  appreciation  of  remote  sensing: 
and  by  organizing  training  courses  for  third  world  scientists.  A number  of  workshops  are  held  in 
developing  countries  each  year,  and  one  or  two  more  specialized  courses  are  held  at  headquarters 
where  more  resources  are  available  for  preparation,  instruction  and  evaluation.  Since  the  function 
of  the  unit  is  to  provide  services  upon  request,  most  activities  are  short  term  with  little  follow-up, 
and  there  is  limited  opportunity  to  develop  expertise  in  particular  applications  or  to  study  in  detail 
the  process  of  transfer  of  technology. 


2.  3 The  World  Bank  (IBRD) 

The  World  Bank,  another  member  of  the  U.N.  family,  funds  large  scale,  operational  development 
projects  selected  on  the  basis  of  expected  economic  return  on  investment.  The  Bank  does  not  fund 
research  and  development  projects  or  training  courses  although  training  may  form  part  of  a larger 
project. 

The  World  Bank  has  a two  person  remote  sensing  office  to  introduce  the  technology  into  resource 
survey  projects  where  economically  justifiable.  This  generally  involves  supplying  computer  classi- 
fied imagery  which  is  then  checked  in  the  field.  The  Bank  recognizes  that  few  third  world  countries 
can  acquire  the  capacity  for  this  sort  of  processing  but  feels  that  this  approach  will  more  effectively 
lead  to  economic  development. 

2.  4 United  States  Agency  for  International  Development  (USAID) 

USAID  has  established  an  Office  of  Science  and  Technology  specifically  to  promote  the  transfer 
of  technology,  and  this  office  has  the  only  substantial  national  program  to  promote  the  application  of 
remote  sensing  in  the  third  world.  The  first  efforts  in  this  program  were  the  organization  of  a number 
of  seminars,  both  in  the  U.  S.  and  in  the  third  world,  to  create  an  awareness  of  the  existence  of  the 
technology.  While  USAID  continues  to  support  training  seminars  from  time  to  time,  the  emphasis 
subsequently  changed  to  a grants  program,  the  projects  of  which  axe  still  underway.  To  encourage 
the  development  of  local  capability,  USAID  solicited  proposals  for  small  scale  research  and  development 
projects  from  third  world  scientists  and  provided  the  necessary  expert  assistance  and  materials  to 
carry  out  the  projects.  These  projects  will  be  completed  and  evaluated  in  the  next  year  or  two. 

The  funds  available  for  the  remote  sensing  program  are  expanding  very  rapidly,  from  about 
$500, 000  in  1976,  to  $1,  000,  Ono  in  1977,  to  about  $5,  000, 000  in  1978.  With  this  funding,  USAID  is  now 
planning  support  for  regional  remote  sensing  centers.  Such  a facility  for  East  Africa  is  currently 
being  established  in  Nairobi,  and  consideration  is  being  given,  in  cooperation  with  Canada,  France, 
and  the  Economic  Commission  for  Africa,  to  the  establishment  of  a West  African  center  in  Upper  Volta. 

2.  5 Canadian  Technical  Assistance 

There  are  two  technical  assistance  agencies  in  Canada,  both  of  which  have  developed  an  interest 
in  remote  sensing.  The  International  Development  Research  Center  GORC),  which  was  established  to 
fund  and  study  small  scale  research  and  development  projects,  has  funded  four  projects  in  remote 
sensing.  These  were  selected  by  identifying  third  world  scientists  who  had  initiated  remote  sensing 
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projects,  had  demonstrated  competence  as  both  managers  and  scientists,  and  who  needed  support 
to  develop  their  projects  further.  While  additional  projects  will  probably  not  be  funded  until  the  re- 
sults of  these  projects  have  been  evaluated,  IDRC  is  interested  in  studying  the  possibility  of  regional 
centers.  The  Canadian  International  Development  Agency  (CIDA)  has  accjuired  an  interest  in  remote 
sensing  more  recently  and  has  just  started  funding  a substantial  project  to  develop  remote  sensing 
capabilities  in  Peru.  CIDA  is  currently  considering  funding  for  the  West  African  center,  and,  as  in 
the  case  of  USAID,  may  be  substantially  increasing  its  remote  sensing  assistance  in  the  next  few  years. 

3.  CONCLUSION 

Review  of  technical  assistance  programs  have  shown  that  many  projects  have  had  destructive 
consequences  and  very  few  have  achieved  the  results  that  wi  -e  intended.  The  political  forces  involved 
discourage  the  critical  review  that  is  necessary  if  this  situation  is  to  be  improved.  At  present  none 
of  the  institutions  involved  in  technical  assistance  have  a vested  interest  in  the  long  term  contribution 
that  transfer  of  technology  can  make  to  economic  development. 

In  remote  sensing,  projects  have  been  very  small  until  now,  and  individuals  interested  in  effec- 
tive projects  have  been  able  to  resist  some  of  the  political  pressures.  With  the  present  rapid  growth 
ill  funding  of  remote  sensing  projects,  the  political  pressures  will  increase  and  the  influence  of  indi- 
viduals will  decrease.  While  it  is  not  possible  to  eliminate  the  political  forces  from  the  system,  it  may 
be  possible  to  establish  research  and  development  institutions,  on  a cooperative  basis  between  indus- 
trialized and  third  world  countries,  which  can  control  and  focus  the  process  of  transfer  of  technology. 
The  present  interest  in  regjional  remote  sensing  centers  would  appear  to  be  healthy  providing  that 
political  factors  are  taken  into  account  in  establishing  the  centers  and  that  cultural  and  economic  fac- 
tors are  considered  in  the  implementation  of  projects.  The  centers  should  be  regarded  as  long  term 
cooperative  programs  rather  than  as  short  term  assistance  projects. 
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ABSTRACT 


Although  some  nations  are  still  to  grasp  the  full 
Impact  of  aerial  survey  in  their  development  efforts, 
they  are  nevertheless  yearning  to  take  advantage  of 
recent  developments  and  progress  in  space  science  and 
technology.  In  this  regard,  the  co-operation  and 
assistance  of  the  industrialized  nations,  and  the  U.N. 
and  its  agencies  through  training  programs,  workshops, 
and  seminars,  and  the  on-going  globally  scattered 
demonstration  projects  are  highly  commendable.  These 
efforts  have  resulted  in  the  development  and  growth 
of  remote  sensing  centres  in  a number  of  nations.  Un- 
co-ordlnated  efforts  rather  than  lack  of  interest, 
sceptlsm,  and  suspicion  have  however  slowed  its  pro- 
gress in  others. 

Emphasis  should  shift  from  centralized  training 
to  scheduled  regional  training  programs,  resulting  in 
larger  local  participation  and  on-the-spot  application 
of  the  technology  to  solve  local  problems . Developing 
countries  should  be  encouraged  to  develop  technological 
capability  that  will  result  in  local  analysis  of  the 
remote  sensing  data  of  their  regions  instead  of  con- 
tracting it  out  to  firms  in  Industrialized  nations. 

Communication  gaps  exist  between  the  U.N.,  its 
agencies  and  the  industrialized  nations  on  one  hand, 
and  those  who  can  effectively  transfer  remote  sensing 
technology  in  the  developing  nations  on  the  other. 

These  gaps  have  been  identified  and  remedies  have  been 
suggested.  The  technological  gap  resulting  from  the 
inability  of  the  developing  countries  to  keep  pace  with 
the  growth  and  development  of  different  types  of  remote 
sensing  systems  and  the  subsequent  implications  are 
examined. 

Although  remote  sensing  technology  offers  a very 
great  potential,  attempts,  however,  at  marketing  its 
unproven  capability  and/or  at  down-playing  the  role 
and  importance  of  ground- truthing  may  encourage  over 
dependence  on  this  technology.  The  contributions  of 
firms  and  agencies  from  the  industrialized  nations  in 
this  respect  are  analyzed.  Neighboring  countries 
should  always  be  encouraged  to  evolve  their  own  remote 
sensing  plans;  efforts  channelled  in  this  direction 
will  accelerate  the  transfer  of  this  technology  in 
these  regions. 


^Presented  at  the  Eleventh  International  Symposium  on  Remote  Sensing  of 
Environment,  Ann  Arbor,  Michigan.  April  25-29,  1977. 
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INTRODUCTION 

In  the  late  1950s  and  early  1960s,  when  the  European  countries  were 
losing  their  grips  on  their  former  colonies  through  the  attainment  of  political 
sovereignty,  research  and  development  efforts  in  both  the  United  States  and  the 
USSR  were  directed  at  conquering  the  outer  space.  The  technology  and  equipment 
that  resulted  from  these  efforts  were  subsequently  tested  on  the  Vostok 
Voshkod,  Mercury,  Gemini  and  Apollo  space  vehicles  (lAF,  1974),  and  are  now 
finding  wide  applications  in  the  global  explorations  of  space.  Such  explora- 
tions include,  among  others,  the  use  of  electro-magnetic  sensors  placed  on 
board  various  aerial  and  space  platforms  to  evaluate  the  extent,  classifica- 
tion,  quality,  and  temporal  and  spatial  changes  of  earth  resources.  This  is 
the  heart  of  what  is  generally  known  today,  as  remote  sensing  of  the  environ- 
ment . 


Remote  sensing  is  gradually  becoming  the  dominant  method  for  conducting 
earth  resources  surveys  and  analyses  in  the  industrialized  a?  well  as  in  a 
few  developing  countries  today.  In  particular,  since  1972,  experimental 
satellites  such  as  LANDSATS-1  and  -2  which  are  still  in  orbit,  and  experimental 
space  stations  such  as  SKYLAB  have  collected  data  over  most  parts  of  the  globe 
in  the  course  of  their  respective  missions.  And  typical  investigations  char- 
acteristic of  remote  sensing  of  the  environment  include  those  on  (General 
Electric,  1974)  agriculture;  forestry  and  range  management;  water  resources; 
geology;  marine  and  oceanography;  energy  sources;  environment;  and  land  use • 
mapping  and  charting.  ’ 

DEVELOPING  NATIONS  AND  DEVELOPMENT  DATA 

A major  task  that  faces  most  of  the  developing  nations  today  is  how  to 
achieve  a better  standard  of  living  and  attain  self-supporting  growth  within 
a relatively  short  period  of  time.  The  typical  investigations  listed  above 
can  assist  in  the  solution  of  these  problems.  Specifically,  these  nations 
should  evolve  plans  that  will  enable  them  to  optimize  the  utilization  of  their 
natural  resources  and  physical  surroundings.  These  include  the  optimal  ex- 
ploitation of  the  productive  resources  of  their  land  in  particular,  and  the 
planet  as  a whole. 


Inadequacy  of  Data 

National  plans  of  this  nature  are  regular  features  of  global  development 
efforts.  In  formulating  them,  background  information  is  often  extracted  from 
existing  or  S3mthesized  data  whose  reliability  is  dependent  on  the  accuracy 
and  completeness  of  the  available  exploratory  or  historical  information.  Un- 
fortunately, many  of  the  programs  launched  through  such  plans  are  frequently 
beset  by  inaccurate  projections  (Abiodun,  1973;  Mendoca , 1975)  and  a chain  of 
uncertainties  even  before  the  schemes  are  initiated.  In  Nigeria  for  example 
(Asiodu,  1975),  "in  the  case  of  the  iron  and  steel  complex  it  was  soon  clear’ 
that  the  basic  information  on  quality,  characteristics  and  quantity  of  the 
available  primary  raw  materials  was  not  available  and  these  had  to  be  developed 
before  any  work  could  start  on  designing  the  complex,  let  alone  constructing 
started  during  the  1970-74  Plan  Period  may  now  not  start 
until  1980.  Furthermore,  in  the  case  of  the  cement  industry,  inadequate  geo- 
logical investigation  led  to  the  wrong  choice  of  technology'^'. 

These  few  examples  highlight  the  increasingly  difficult  tasks  these 
nations  face  in  marshalling  the  needed  man-power  to  undertake  resources  surveys 
and  data  collection  exercises  using  the  well  known  conventional  methods.  In 
most  of  them,  the  full  impact  of  aerial  photography  in  their  development  efforts 
is  still  to  be  appreciated,  man-power  and  cost  being  the  two  most  deciding 
factors.  Where  such  techniques  have  been  used,  the  organizational  set-up,  ex- 
ecution  and  control  are  in  the  hands  of  foreign  consultants,  while  the  finan- 
cial backing  for  its  implementation  has  evolved,  in  general,  through  bilateral 
agreements. 


340 


With  or  without  data,  development  schemes  are  conceived,  planned  and 
executed  The  unknown  element,  however,  is  the  future  cost  of  P^^^rams . 

In  order  to  avoid  unnecessary  waste  of  scarce  but  highly  skilled  human  and 
other  resources  these  nations  should  find  new  ways 

sinp  their  natural  and  environmental  resources;  they  should  first  embark,  in 
earLst,  on  the  assembly,  analysis  and  dissemination  of  vital  information  on 
these  resources  and  systems;  remote  sensing  has  been  technically  and  fin 
ancially  demonstrated  to  be  capable  in  assisting  in  this  effort. 

Remote  Sensing  Feasibility 

The  successful  applications  of  remote  sensing  technology  in  many  parts  of 
the  world  are  numerous  and  most  of  these  have  been  documented.  In  Mali, 
exL^lI:  rtmote^?  sensed  data  were  used  (MacLeod.  1973)  to 

of  the  Sahelian  drought  on  the  life  of  Maleans.  Ghana  s Council  for  Scientific 
and  Industrial  Research  in  collaboration  with  the  United  States  Agency 
International  Development  assessed  (Dodoo,  1975)  deforestation  and  over-grazing 
in  northeastern  Ghana  Savannah  through  the  use  of  the  imagery  and  spectral  data 
of  LANDSATS-1  and  -2.  An  analysts  of  the  synoptic  patterns  of  distribution  of 
sus^nded  load  in  Lake  Katnji.  Nigeria  (Abiodun.  1976)  at  the  beginning  of  the 
annual  floods  was  performed  using  LANDSAT-1  data. 

Nations  such  as  Bolivia  (Brockman,  1973).  South  Africa  (Vtljoen.  1973), 
and  Eevnt  (Shazly.  et  al.  1973)  have  also  found  LANDSAT  data  to  be  invaluable 
?n  lS?ing  new  Lrgets.  in  aiding  the  exploration  of  fracture-controlled 
mineral  deposits,  in  relating  earthquakes  with  their  causes  and  in  noting 
potential  hazards  in  mining  and  construction.  LANDSAT-1  results  were  utilized 
to  locate  possible  areas  of  copper  deposits  in  Pakistan.  The  rapid  develop- 
mentr^^man?  parts  of  the  world  such  as  in  Brazil  (Mendoca.  1975)  and  Canada 
(Fleming  1975)  would  be  very  difficult  if  not  impossible  to  incorporate  into 
the  exifting  maps  without  the  aid  of  an  orbiting  space  vehicle  Its  repetitive 
coverage  peLits  accurate  delineation  of  numerous  features  such  as  the  land- 
water  interface.  Oil  exploration  is  equally  in  the  remote  sensing  picture. 
Although  majority  of  the  oil  companies  are  very  reluctant  (Mathews  1^5)  to 
discuss  the  successes  they  have  achieved  by  using  satellite 
fields  in  well  mapped  regions  have  been  found  to  display  special  tones  on 
LANDSAT  images.  Finally  the  FAO  is  currently  executing  a number  of  pilot  pro- 
jects (FAO,  1973)  using  space  imagery,  in  activities  related  to  survey  and 
development  of  lind,  Jltel  and  forestry  resources  in  a number  of  the  develop- 
ing countries.  Sample  results  of  remote  sensing  applications  in  Sierra  Leone 
and  Nigeria,  by  the  author,  are  also  shown  in  Figures  1 and  2. 

A deliberate  effort  has  been  made  above  to  cite  examples  of  remote 
sensing  applications  in  the  developing  countries.  Firstly,  it  should  be  noted 
that  remote  sensing  is  being  used  in  the  non- industrialized  world  to  break  new 
grounds  and  to  locate  new  targets  (Figure  2) ; the  industrialized  nations  on  the 
other  hand  have  reached  such  mile-stones  decades  ago  through  the  use  of  ^on 
ventional  methods  including  aerial  surveying.  In  short,  the 
developing  nations  on  remotely  sensed  data  for  natural  resources  surveys  is 
greater  than  that  of  the  industrialized  nations  for  t^e  same  purpose  ^e 
response  of  the  developing  nations  to  the  UN  questionnaire  (^ AC. 105/143,  1975) 
on  priority  needs  in  space  exploration  clearly  attests  to  this. 

Furthermore,  most  of  the  individuals  who  carried  out  the 
work  cited  above  executed  their  missions,  not  in  the  local  areas  affected,  b t 
in  foreign  laboratories  and  offices.  The  on-going  FAO  projects  use  foreign 
experts  aa  project  executors,  and  there  are  many  instances  where  non-local 
people  are  employed  to  obtain  ground  truth  data.  If  this  trend  continues,  will 
demote  sensing  not  remain  remote  for  citizens  of  the  developing  segment  t^e 

world?  Or  are  these  attempts  intended  to  convince  the  developing  countries 
that  remote  sensing  can  assist  them  in  their  development  efforts?  If  so,  hw 
have  thrindustrialized  countries  and  the  agencies  of  ^^e  United  Nations  faired 
in  this  technology  transfer  process?  And  what  is  the  attitude  of  the  p 

nations? 
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Framed  in  another  manner,  the  concern  here  is  not  one  of  Identifying  the 
type  and  nature  of  assistance  sought  by  the  developing  countries  in  the  area 
of  space  applications.  These  have  been  well  documented  (A/AC. 105/143,  1975). 
The  aim,  however,  is  to  focus  attention  on  how  the  technical  assistance  pro- 
grams have  been  or  are  being  executed,  and  to  single  out  the  main  obstacles, 
if  any,  that  might  hinder  an  effective  and  responsible  transfer  and  applica- 
tion of  this  technology. 

REMOTE  SENSING  TECHNOLOGY  TRANSFER  TO  DATE 

The  pre-occupation  of  the  developing  countries  with  political  stability 
and  economic  survival,  coupled  with  shortage  of  highly  skilled  man-power,  has 
resulted  in  their  being  great  consumers,  not  only  of  products,  but  also  of  un- 
diluted Imported  technology.  Except  in  a very  few  unique  cases,  the  role  of 
these  nations  in  the  field  of  space  science  and  technology  has  been  limited  to 
the  granting  of  territorial  rights  to  technology  producing  nations  to  Install 
and  operate  observatory  posts  as  was  the  case  in  Kenya,  during  the  Gemini  and 
Apollo  missions,  and  to  the  reception  of  Automatic  Picture  Transmission  (APT) 
images  from  United  States  meteorological  satellites  for  weather  forecasting 
purposes . 

External  Contributions 

It  thus  became  apparent  that  if  the  developing  nations  were  to  benefit 
from  this  technology,  a measure  of  assistance  must  be  provided  through  bi- 
lateral arrangements  and  through  the  agencies  of  the  United  Nations.  The 
variety  of  assistance  offered  to-date  are  too  numerous  to  document  here.  It 
is  sufficient  to  state,  however,  that  they  have  ranged  from  training  programs, 
fellowships  and  pilot  projects  sponsored  by  the  UN  and  its  agencies,  and  the 
industrialized  nations,  to  bilateral  arrangements  for  the  same  purpose.  Ghana 
and  Kenya  on  one  hand  and  Peru  on  the  other  have  benefited  from  the  latter 
arrangements  from  the  United  States  and  Canada  respectively.  In  addition, 
specific  contributions  aimed  at  effecting  the  transfer  of  this  technology  have 
also  come  from  regional  economic  groups  (ECA,  1976)  and  sovereign  governments 
(W.  Germany,  1975). 


Experimental  - Operational  Phase 

Most  of  the  efforts  cited  above,  however,  centre  on  satellite  technology. 
LANDSATS-1  and  -2  are  experimental  satellites.  This  will  equally  be  true,  al- 
though at  an  advanced  level,  for  LANDSAT-C  which  is  to  be  launched  this  year. 
The  concern  of  the  developing  countries  is  that  there  is  no  firm  assurance 
(Anderson,  1974,  STSC-PUOS,  1976)  that  the  program  will  be  continued  beyond 
the  technology  demonstration  phase.  Should  the  current  experimental  phase  fail 
to  graduate  into  a full  operational  program,  the  developing  countries  will  be 
hard  pressed  to  absorb  the  cost  of  equipment  and  man-power  training  that  may 
not  yield  immediate  returns  not  to  even  mention  the  disappointment  that  would 
be  felt  in  a number  of  quarters.  It  can  be  argued  that  such  man-power  and 
equipment  would  easily  find  application  in  similar  programs  of  other  indus- 
trial nations  Including  earth  survey  satellites  of  France,  the  USSR  or  the 
Federal  Republic  of  Gj’  , lany. 

It  is  reasonable,  however,  to  expect  that  these  programs  will  also  go 
through  the  normal  experimental  phase  before  they  become  operational.  There 
is  also  no  guarantee  that  in  an  attempt  to  track  earth  resources  satellites 
other  than  those  in  the  LAMDSAT  series,  expensive  equipment  modification  will 
not  have  to  be  undertaken  in  the  tracking  mechanisms  of  a number  of  ground  re- 
ceiving stations.  In  particular,  remote  sensing  technology  is  breaking  new 
ground  every  day.  Future  satellites  will  be  more  sophisticated  than  the  exist- 
ing ones  and  will  be  designed  to  operate  within  the  x-band  or  higher  radio  fre- 
quencies instead  of  the  s-band  frequency  (lAF,  1974)  used  for  the  present 
generation  of  satellites. 
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National-Regional  Stations 


In  spite  of  the  lack  of  assurance  highlighted  above,  strong  efforts  are 
being  made  to  establish  a number  of  regional  ground-receiving  and  processing 
stations  in  several  parts  of  the  world.  In  the  same  spirit  programs  aimed  at 
establishing  regional  training  centres  have  in  a number  of  instances  pro- 
greased  beyond  the  feasibility  stage.  A quick  look  at  the  existing  stations 
in  the  United  States,  Canada,  Brazil,  Italy  and  the  one  under  construction  in 
Iran  are  similar  in  one  respect.  They  are  all  national  stations,  although 
some  of  them  are  serving  regional  Interests.  Outside  Europe  and  North  America 
two  stations  are  being  managed  by  countries  that  are  financially  and  tech- 
nologically (man-power-wise)  as  solvent,  if  not  more  so,  as  their  neighbours 
Can  we  say  the  same  for  those  areas  of  the  developing  world  where  "national" 
stations  are  now  being  proposed  as  "regional"  stations? 


The  general  view  prevailing  in  the  UN  Committee  on  the  Peaceful  Uses  of 
Outer  Space  (A/AC. 105/154,  1976)  is  that  future  operational  remote  sensing 
activity  can  be  more  effectively  accomplished  through  regional  cooperation. 

In  this  context,  one  is  tempted  to  believe  that  such  regional  stations  would 
be  established  right  from  the  out-set  through  proper  regional  consultation. 

In  essence  the  ramifications  of  establishing  a station,  including  staff  develop- 
ment, infra- structural  problems  and  country-by-country  financial  outlay  would 
be  resolved  by  all  the  nations  concerned  before  a blue-print  of  the  station 
is  presented  to  the  public.  The  prevailing  trend,  however,  is  contrary  to  this. 


In  fact,  the  emerging  pattern  is  to  suggest  the  conversion  of  a proposed 
national  station  into  a regional  one  (ECA,  1976).  This,  of  course,  is  in- 
evitable if  the  potential  owners  of  such  stations  ever  expect  to  recover  their 
huge  Investments.  If  the  industrialized  countries  are  truely  committed  to 
transfering  remote  sensing  technology  in  the  developing  countries,  they  should 
ascertain  the  level  of  support  such  a station  would  enjoy  within  the  region  as 
well  as  conscientiously  help  establish  the  actual  viability  of  the  station  be- 
fore they  in  turn  cor.nit  themselves  to  establishing  it.  The  on-going  attempts 
to  promote  regional  stations  without  actually  involving  the  countries  that 
geographically  meke  up  the  region  to  be  served  is  very  counter-productive  and 
does  not  contribute  positively  to  the  technology  transfer  effort.  In  this 
connexion,  one  should  also  observe  that  the  agreements  already  reached  with 
industrialized  nations  for  the  establishment  of  the  aforementioned  stations 
are  making  it  difficult,  if  not  entirely  impossible,  for  other  countries  with- 
in the  regions  to  negotiate  for  the  establishment  of  smaller  ground  receiving 
stations  of  their  own.  ^ 


Furthermore,  the  impressive  catalogue  of  results  obtained  to  date  through 
satellite  survey  of  earth  resources  of  the  developing  nations  came  about  prin- 
o.  ^ because  the  satellites  in  question  had  on-board  recording  systems. 
Similar  efforts,  however,  cannot  be  undertaken  when  a number  of  the  new  genera- 
tion of  satellites,  which  will  not  have  any  on-board  recording  system,  are 
launched.  In  particular,  the  developing  nations  cannot  and  will  not  derive 
any  direct  benefit  from  the  missions  of  such  advanced  satellites  (lAF  1974)  as 
the  Heat  Capacity  Mapping  Mission  (HCMM)  satellite  scheduled  for  launch  this 
year.  In  the  same  vein,  the  Ocean  Dynamics  Measuring  Satellite  - SEASAT-A- (the 
Coherent  Imaging  Radar  portion  of  it)  and  the  Earth  Observation  Satellite  (EOS) 
just  to  name  a few,  are  satellites  with  no  on-board  recording  systems,  which 
the  developing  nations  will  only  hear  about,  but  will  not  have  an  opportunity 
to  know  about.  Bearing  in  mind  the  details  of  the  missions  of  future  satellites 
most  developing  countries  are  at  a major  disadvantage,  more  especially  since 
they  are  geographically  placed  in  regions  of  the  world  where  there  is  no  con- 
crete evidence  to  show  that  proposed  regional  plans  to  build  tracking  stations 
”“lf“^®»^ialize  soon  enough  to  receive  information  from  the  planning  space 
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External  Control  of  Activities 

If  remote  sensing  technology  is  to  be  effectively  transferee!  an 

area,  it  is  essential  that  the  local  citizens  of  that  area  be  involved  in  the 
exercise.  This  appears  to  be  the  logical  interpretation  one  would  give  to 
the  view  of  the  Committee  on  the  Peaceful  Uses  of  Outer  Space  on  the  subject: 

"It  should  be  emphasized  that  accurate  interpretation  can  only  be  done  by 
interpreters  familiar  with  the  area  concerned"  (A/ AC. 105/143 , 1975)  Most  of 
the  published  and  on-going  works  on  remote  sensing  application,  in  respect  of 
the  developing  countries  are  being  executed  by  individuals  who  are  far  re- 
moved from  the  scenes  of  operation.  These  exercises  would  be  more  meaningful 
to  the  local  citizens  if  they  are  executed  on  site. 

The  unrestricted  access  to  LANDSAT  data  on  the  other  hand,  has  resulted 
in  the  establishment,  in  the  industrialized  nations,  of  a new  breed  of  organiza- 
tions. Despite  their  shallow  or  non-existing  knowledge  of  the  local  area,  they 
have  nevertheless  embarked  upon  the  production  of  'beautiful  satellite  pictures 
for  decision  makers  in  many  developing  countries.  There  is  now  the  problem  of 
coping  with  the  flood  of  unsolicited  remote  sensing  proposals  (FEDWATER,  1976) 
backed  up  by  local  satellite  images  from  different  companies  and  individuals, 
albeit  to  the  consternation  of  the  local  authorities.  In  general,  many  of  these 
proposals  portray  the  use  of  remote  sensing  techniques  as  the  sole  answer  to 
earth  resources  survey  in  the  local  area  concerned,  with  little  or  no  considera- 
tion being  given  to  the  importance  of  ground-truth. 

Many  such  jobs  are  already  being  contracted  out  on  the  premise  that  no 
indigenous  company  could  handle  the  sophisticated  assignments.  In  other 
situations,  where  aerial  survey  data  are  still  to  be  exhaustively  and  exten- 
sively employed  in  the  development  process,  major  efforts  are  under  way  to 
utilize  airborne  radar  systems  offered  by  foreign  firms,  (without  any  local 
citizen  trained  in  the  discipline)  to  monitor  the  resources  of  the  local  area. 
Although  such  a bold  effort  may  be  genuinely  aimed  at  hastening  the  national 
development  process,  it  might  sooner  or  later  result  in  debates  over  the 
security  and  the  sovereignty  of  the  nation/ s concerned.  At  that  stage,  the 
situation  may  be  explosive. 

In  addition,  cost  of  data  processing  equipment  is  a serious  constraint 
in  the  technology  transfer  process.  It  is  obvious  that  the  computer  process- 
ing techniques  offer  the  greatest  details  of  accuracy  in  interpretation.  Even 
where  the  existence  of  technical  capability  would  justify  an  investment  in  such 
a process,  the  current  costs  have  made  the  application  of  the  computer  techniques 
impossible . 

Program  Centralization  and  Effective  Leadership 

As  a means  of  facilitating  and  accelerating  the  technology  transfer  pro- 
cess, the  Committee  on  the  Peaceful  Uses  of  Outer  Space  (CPUOS)  has  stated  that 
(A/ AC. 105/ 143,  1975): 

"Appropriate  people  in  the  country  must  become  aware  of  and  interested 
in  the  potential  benefits  of  the  new  technology,  and  a small  multidis- 
ciplinary group  to  study  the  economic  benefits  and  the  technical  fea- 
sibility  of  introducing  the  technology  into  the  country  must  be  organized  . 

COSPAR  went  a step  further  (A/AC. 105/165 , 1976)  and 

"Recommends  that  young  people  be  selected  for  extensive  periods  of 
training  in  remote  sensing  techniques  at  centres  of  expertise  . 

These  views  constitute  the  focal  point  of  the  success  or  failure  of  remote 
sensing  technology  transfer  in  many  developing  countries  today.  And  where  the 
transfer  effort  has  failed,  the  greatest  obstacle  has  been  none  other  than  a 
core  of  the  citizens  of  that  same  country.  Hence  the  logical  question  to  ask 
at  this  stage  is:  What  have  been  the  contributions  of  the  developing  countries 
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to  the  success  or  otherwise  of  remote  sensing  technology  transfer  within 
their  geographical  boundaries? 

ThP  current  aooroach  in  Ghana,  for  example,  (Abiodun,  1975) , is  towards 
th.  Sf  r™u;-dl.olilln3t,  re.otb  sen.lns 

function  ""J*'  '^'u'‘7csIR)“  lirnlnd  that  CSIR.  In  collabora- 

EjS“uS^5l"nUcd<St.tna  into^tlon  ■=SESEnE":fEMrtb. 

5°b:'»rvrt.it.E5“if.“Sf 

2E'l5\EE\E:S5Eiir.nJ1»55-r!S”t»ltE'’SEnEJEE  “cbEElEey.  -Lpi.. 

prevail  ii  other  places  Including  Egypt  where  remote  .|cA^''}576)  The 

5EEEE“'lg;;t  .tao"-«-EruuE  ESr™\?™sotad*i;otb.hop  on  Rcnota 

Sensing  in  November  1974. 

Not  all  the  developing  countries,  however,  have  been  so  lucky:  a handful 

r,f  rhP  local  citizens,  and  NOT  the  countries  themselves,  are  , 

CPUOS  and  COSPAR  cited  "appropriate"  and  "young"  people 

be!nrunIve?fafirfS^owed?  “ihirhave'b^L^fh/contributions  t°  the  progress 
or  stagnation  of  this  new  technology  by  those  in  positions  of  scientific 
leadership  in  the  developing  nations? 

some  individuals  VhV  hVVe®partiVlpatVd®in^iVterSatiS 

a n»b„  •£  ^•'-%‘;t‘»“rgE%rESa"«aSj!nr“uEi;“fnJ?dSEef  olEJ^  Sr.cEv.t 

EEtE  Eo'LK'uaj  orihc 

rfEE‘lE^tSE“oiEt?f^rE»nEtE5'  ^EfEofnEEu^rt^  ;.5rElnff"E5^rta  ft 

the  "appropriate"  people  had  been  selected  at  the  outset. 

In  general,  decision  makers  in  the  developing  countries 

JVIVrthftJgtrof  SVy'lgV?V.""~’tVS"Varticipation  of  such  country/ies 
becomes  very  chancy. 

Furthermore,  there  is  the  problem  of  competing  and/or  P®^" 

sonalities  within  a given  institution  that  may  be  interested  in  developing 

'rZEE““;iEg  nat?'^Ib5'E“gr.L,"lrrcapaotlvc  ,f  the  source  of  the  ibfore»tlob. 
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FUTURE  EFFORTS  IN  THE  TECHNOLOGY  TRANSER  PROCESS 


In  efforts  devoted  to  the  transfer  of  remote  sensing  technology 

in  the  developing  countries  have  met  with  both  success  and  failure.  Where 

developing  and  the  industrialized  nations  should  Identify 
them  and  strive  to  minimize  if  not  totally  eliminate  these  obstacles. 


Role  of  the  UN,  Its  Agencies  and  the  Industrialized  Nations 


*^5ansfer  a respectable  remote  sensing  knowledge  or 
oreSarpdfL«  y efforts  and/or  contributions  ensurl  the 

technology.  In  this  context,  any  program 
planned  should  Include  the  understanding  and  the  appreciation  of  remote  sensine 

development  of  the  approprLtrspLr?!a?- 
se™ed  data  mechanisms,  and  in  meaningful  applications  of  remotely 


to  reasons,  a few  of  which  have  been  cited  above,  efforts 

^ ground  receiving  and  processing  stations  in  a number  of  the 
of  ® “Sions  of  the  world  have  stagnated.  This  is  not  helpful  to  many 

of  the  developing  countries  so  affected,  since  valuable  data  of  their  naturL 

nroHno?r  forever.  Hence  there  is  an  urgent  need  for  countriL 

producing  satellite  remote  sensing  data  to  reach  an  understanding  with  those 

PQtfh??^h®  that  can  afford  to,  and  have  Indicated  their  desire  to 

establish  ground  receiving  stations  of  their  own. 


equally  necessary  to  determine  the  feasibility  of  using  some  of  the 

earth  resources  data  reception.  Spec- 
technologically  possible  for  the  earth  resources  ^ 

Tho  ® communicate  with  the  geo-stationary  communication  satellites 

I^Lion^wherP  info^ation  to  the  existing  ground  communication 

stations  where  remote  sensing  data  can  be  received  and  processed  If  this 

t?ansf«  orthrnfrtecinology”“^  promotion  of  the 


i-h^  of  lack  of  adequate  interpretation  facilities  in  a number  of 

the  developing  countries,  many  of  the  remote  sensing  jobs  in  these  areas  are 
? In  the  long  run,  this  approach  cannot  be  viewed  to  be 

look^aftpr*^rh"4®’^®*'^  the  developing  nations.  If  the  latter  are  ever  to 
look  after  their  own  economic  interests,  they  should  be  encouraged  to  extract 
maximum  information  THEMSELVES  from  any  existing  or  future  satellit^dltr 
acquired  over  their  territories.  aaua 


► itiformation  from  satellite  imagery  requires  the 

th?  digital  analysis  systems.  The  costs  involved^in  the  acquisi- 
tion of  this  type  of  equipment  (e.g.  LARSYS,  IMAGE-100)  and  the  necessary  soft- 
ware are  astronomical;  the  1976  prices  of  hardware  alone  ranged  from  $300,000 
to  over  $1  million  (Strome,  1976).  This  certainly,  is  beyond  the  financial 
means  of  many  developing  countries.  It  would  be  desirable  to  produce  systLs 
with  a capital  cost  on  the  order  of  $50,000  if  digital  image  analysis  is  to  be 
reach  of  the  developing  nations  (Strome,  1976).  The  in- 

their  digital  computer  manufacturing  companies  should 
analysts  fLfliJ?  ^ worthwhile  goal  to  produce  sGch  an  imagf 


On  the  training  aspect  of  remote  sensing,  there  is  a need  to  establish 
permanent  training  centres  in  the  developing  regions.  By  so  doing  many  local 

in  which  remote  sensing  can  effectively 
identified,  and  pilot  projects  attempted;  views  can  also  be  readily 
changed  among  experts  and  a host  of  local  trainees.  Opportunities  of  this 
as  the  experts  to  calm  the  fears  of  the  iLal  people  as  well 

is  eouIlTrLss^M  overall  goal  of  remote  sensing.  It 

Country  might  be  convinced  at  an  appropriate 
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There  will  still  be  the  need,  however,  for  young  people  to  undergo  j 

periods  of  extensive  as  well  as  short  training  at  centres  of  expertise.  On  ! 

such  occasions,  it  will  be  very  necessary  that  "appropriate"  people  be  1 

selected  for  such  training  programs.  In  this  respect,  the  manner  in  which  the  ^ 

Centre  National  d' Etudes  Spatiales  (CNES)  of  France  selected  candidates  from  j 

the  developing  countries  for  participation  in  the  1973  UN  sponsored  Summer  1 

School  on  Remote  Sensing  of  Earth  Resources  is  worthy  of  emulation,  and  is  J 

hereby  recommended  for  adoption  at  future  training/workshop  sessions.  ^ 

Role  of  the  Developing  Nations  ^ 

As  a matter  of  urgency,  the  developing  countries  should  critically  review  : 

their  practice  of  Importing  new  technology  and  foreign  personnel  to  execute  ^ 

their  development  projects  without  actually  encouraging  their  own  citizens  to  j 

participate,  along-side  the  expatriates  in  the  exercise.  In  a given  situation  • 

where  the  assignment  Involves  the  gathering  of  remote  sensing  data  using  the  ^ 

air-bome  platforms  of  the  foreign  firm,  it  would  be  desirable  to  give  basic  ‘ 

training  in  the  requisite  technology  in  advance,  at  home  or  abroad,  to  a core  ; 

of  local  qualified  people.  It  would  be  equally  desirable  to  request  the  in- 
coming organization  to  make  room  for  the  active  participation  of  the  local 
group  at  every  stage  of  the  project.  This  would  ensure  that  the  data  so  ac- 
quired will  not  gather  dust  once  the  foreign  party  leaves,  but  will  be  gain-  j 

fully  employed  in  the  national  development  effort.  The  home  government  will  I 

also  have  an  opportunity  to  exercise  the  necessary  control,  especially  where  ‘ 

security  matters  are  concerned.  • 

The  inability  of  the  outside  world,  on  the  other  hand,  to  Identify  the 
appropriate  authority  in  a particular  country  may  be  responsible  for  much  of 
the  haphazard  nature  of  remote  sensing  technology  transfer  to  date.  Thus  it 
is  necessary  that  developing  countries  centralize  their  remote  sensing 

activities;  identify  those  within  the  country  who,  by  their  training  and  pro-  | 

fessional  practice,  can  be  employed  in  the  development  of  the  country's  short  * 

and  long-range  remote  sensing  goals;  and  establish  an  effective  and  appro- 
priate authority,  as  is  the  case  in  Ghana  or  Egypt,  to  champion  the  cause  of 
remote  sensing  nationally.  That  authority  must  be  responsible  for  receiving 
and  disseminating  remote  sensing  information  to  people  who  are  "aware  of  and 

interested  in  the  potential  benefits  of  the  new  technology".  ^ 

Finally,  it  should  be  clearly  understood  by  those  aspiring  to  establish 
national  or  regional  ground  receiving  and  processing  stations  that  such  pro-  j * 

grams  require  a combination  of  adequate  and  functional  infra-structures  in-  I 

eluding  electric  power  supply,  communication  systems,  highly  skilled  technology-  i 

oriented  man-power,  and  financial  resources.  A developing  country  that  cannot  * 

provide  these  ingredients,  which  are  essential  for  a successful  operation  of 
ground  stations,  is  not  in  a position  to  offer  any  technological  leadership 
within  its  regions.  The  progress  or  stagnation  of  neighbouring  states  may 

depend  on  the  success  or  failure  of  that  station.  And  the  reliance  of  the  ’ ‘ 

latter  on  massive  Imported  man-power  is  not  in  tune  with  the  reality  of  this 
politically  conscious  world. 

CONCLUSION  ’ , 

Much  has  been  done,  to  the  credit  of  the  United  Nations,  its  specialized 
agencies,  and  the  industrialized  countries,  to  promote  the  application  of  I 

remote  sensing  technology  in  enhancing  economic  development  in  the  developing  - 

countries.  Where  the  efforts  have  failed  to  yield  any  meaningful  result,  it 

is  the  joint  responsibility  of  all  concerned,  within  and  without,  to  identify  3 

the  obstacles  and  strive  to  minimize  or  eliminatr  them  completely.  It  is  > 

equally  pertinent  to  ask  those  who  seek  to  transfer  remote  sensing  technology 
or  knowledge  in  the  developing  countries,  to  have  a clearer  understanding  of 
the  actual  motives  behind  their  transfer  efforts. 


REFERENCES 


4 


A/AC. 105. 143  (1975).  Report  on  the  Needs  of  Developing  Countries  for 

Assistance  in  the  Practical  Applications  of  Space  Technology, 

UN,  N.Y. 

A/AC. 105/154  (1976).  Feasibility  Study  on  a Possible  Co-ordinating  Function 
of  the  United  Nations  in  Future  Operational  Activities  in  Remote 
Sensing  from  Satellites,  UN,  N.Y. 

A/AC. 105/165  (1976).  State  of  the  Art  and  Assessment  of  Scientific  and 

Technological  Developments  in  the  Exploration  and  Practical  Uses 
of  Outer  Space  within  an  International  Framework,  UN,  N.Y. 

Abiodun,  A.  A.  (1973).  Waters  of  Lake  Kainji  - Hydrologic  Predictions  and 
Performance,  Hvdrolo;>ical  Sciences  Bulletin,  International 
Association  ol  Hydrological  Sciences.  Vol.  XVllI,  No.  3,  pp.  321-327. 

Abiodun,  A.  A.  (1975).  The  Applications  of  Remote  Sensing  Technology  in  the 
Development  of  West  Africa,  IDRC,  Ottawa,  Canada. 

Abiodun,  A.  A.  (1976).  Satellite  Survey  of  Particulate  Distribution  Patterns 


in  Lake 

Kainji, 

Remote 

Sensing  of  Environment,  American  Elsevier 

Pub.  Co. 

.,  N.Y.. 

5.  pp. 

109-123. 

Anderson,  A.  G.  (1974).  Remote  Sensing  for  Resources  and  Environmental 
Surveys:  A Progress  Review,  National  Academy  of  Sciences, 

Washington,  D.C. 

Asiodu,  P.  (1975).  Engineers  and  Industrialization  in  Developing  Countries, 
Proceedings  of  1975  World  Congress  on  Engineering  Education. 

ASEE,  Washington,  D.C. 

Brockmann,  C.  (1973).  Earth  Resources  Technology  Satellite  Data  Collection 

Project,  ERTS  Bolivia,  Proc.  NASA  Sponsored  3rd  ERTS-1  Symposium, 
Washington,  D.C. 

Dodoo  Jr.,  R.  (1975).  LANDSAT  Applications  within  the  Northeast  Ghana 
Savannah,  Int.  Conference  on  Remote  Sensing,  Bamako,  Mali. 

ECA,  (1976).  Remote  Sensing  in  Africa:  Report  of  the  EGA  Technical  Mission 

on  Remote  Sensing  in  Africa.  Ut)-£CA,  Addis  Ababa,  Ethiopia. 

FAO,  (1973).  Use  of  ERTS-B  Imagery  for  FAO  Integrated  Resource  Surveys, 
Report  No.  WS/D7636,  FAO,  Rome. 

FEDWATER  (1976).  Federal  Ministry  of  Water  Resources,  Lagos,  Nigeria, 
Personal  Communication. 

Fleming,  Elizabeth  A.  (1975).  Mapping  Applications  of  ERTS  Imagery,  Canada 
Centre  for  Remote  Sensing  Seminar  Series.  Ottawa,  Canada 

General  Electric  Co.  (1974).  Earth  Resources  Technology  Satellite-2, 
Reference  Manual,  Philadelphia,  Penn. 

lAF,  (1974).  Ground  Systems  for  Receiving,  Analyzing  and  Disseminating  Earth 
Resources  Satellite  Data,  International  Astronautical  Federation 
Paris,  France. 

MacLeod,  N.  H.  (1973).  Applications  of  Remote  Sensing  (ERTS)  to  Resource 

Management  and  Development  in  Sahellen  Africa  (Republic  of  Mali) , 
Symposium  on  Slgnificyt  Results  Obtained  from  ERTS-1,  Goddard 
Space  ('light  Center,  Washington,  D.C. 


348 


actiews,  C.  W.  (1975).  Earth  Resources  Survey  Program  R< 
Associate  Director  for  Applications,  NASA. ’he 

Mendoca,  de  (1975).  Planning/Management  of  Proj. 

gl^lton  ^ducatl. 

Shazly.  E.  M El  M.  A.  Abdel-Hady.  M.  A.  El  Ghawaby.  and 
II  Geologic  Interpretation  of  ERTS-1  Sal 

wIshiSgton.  S®C.’  -°*=^^ding8  3rd  ERTS-1 

STSC-PUOS.  (1976)  Deliberations  of  the  13th  Session  of  t 
Geneva?  sii?LrlanS°'™^“®^  Peaceful  Us 

Strome,  W.  M (1976).  Requirements  for  a Low-Cost  Digital 
Canada’  ^^^^o~space  Electronics  Symposiuir 

Viljoen,  R.  P (1973).  ERTS-1  Imagery  as  an  Aid  to  the  Un 
the  Regional  Setting  of  Base  Metal  Deposits  in 
Cape  Province,  South  Africa,  Proc.  3rd  ERTS-1 
Washington,  D.C.  

W.  Germany,  (1975)  Mission  Study  for  an  Operational  Remo 

T n®’'  Hydrology  Observation  in 
Countries,  Final  Report  of  the  Fed  Min.  for  Ri 
Technology,  Fed. Republic  of  Germany. 


le  Committee 


■Mangrove  Swamps^ForesI  Rcgrowlha Farmland  Scale  1:650.000 
^hick  Foresi  [^Lophira  Tree  Savanna&Grasslands 

F1G.1:  VEGETATION  MAP  OF  WESTERN  3ERRA -LEONE 


Aug.  28.1972 
(Beginning  oi  Annud  FI 


Mosi  Turbid 
Intermediate  Oasses 
ot  Tabidity 


Least  Turbid 
(ie.ClearesI) 


Scale1:720.000 


Feb.  19, 1974 

(U*e  is  Full  Annually) 


Fig.2:  Movement  o1  Water  Columns  in  Lake  Kainji. Nigeria (LANDSAT-1) 


REMOTE  SENSING  OF  AIR  POLLUTANTS 

J.A.  Eckert  and  R.B.  Evans 

U.S.  Environmental  Protection  Agency 
Environmental  Monitoring  and  Support  Laboratory 
Las  Vegas,  Nevada 


ABSTRACT 

This  paper  deals  with  monitoring  of  those 
pollutants  within  the  troposphere  which 
the  U.S.  Environmental  Protection  Agency 
is  required  to  control  by  the  Clean  Air 
Act  of  1970.  We  limit  ourselves  to 
discussion  of  selected  specific  techniques 
and  attempt  to  show  how  the  use  of  these 
techniques  fits  into  the  overall  national 
strategy  for  air  pollution  abatement. 


INTRODUCTION 


Any  instrument  builder  must  first  define  the  needs  of  the  user  in  setting 
out  to  construct  a new  device,  and  the  builder  of  air  pollution  instrumentation 
is  well-advised  to  do  likewise.  The  instrument  builder  needs  to  ask  questions 
about  the  data  required  of  his  instrument:  Who  is  the  user?  What  kind  of 
data  does  he  desire?  What  will  he  do  with  this  data,  and  what  legal  role  will 
the  data  play? 


To  understand  the  needs  of  users  of  air  quality  monitoring  data,  a brief 
overview  of  national  efforts  to  achieve  clean  air  is  useful.  Figure  1 shows 
the  process  outlined  by  the  Clean  Air  Act  of  1970.  The  first  step  required  by 
the  Clean  Air  Act  is  the  promulgation  of  National  Ambient  Air  Quality  Standards 
(NAAQS) . The  NAAQS  are  primarily  based  on  research  into  the  health  effects  of 
various  pollutants  and  are  the  goals  toward  which  the  entire  air  pollution 
abatement  effort  is  aimed.  The  Clean  Air  Act  specifies  "primary"  and  "second- 
ary" standards;  the  primary  standards  are  health-related,  while  the  secondary 
standards  are  welfare-related. (1)  The  primary  standards  represent  immediate 
urgent  goals,  while  the  more  stringent  secondary  standards  can  be  regarded  as 
long-range  goals. 

An  ambient  air  quality  standard  is  Intended  to  limit  the  total  exposure  to  a 
specific  pollutant  or  class  of  pollutants  to  which  a member  of  the  general 
public  may  be  subject.  Thus  it  is  usually  written  in  terms  of  a concentration 
averaged  over  a given  period  of  time.  The  average  concentration  must  be  meas- 
ured at  a location  accessible  to  a member  of  the  general  public. (2)  One 
implication  of  this  aspect  of  the  NAAQS  for  remote  sensing  is  that  the  concen- 
tration must  be  measured  continuously  at  a fixed  location;  another  is  that  the 
concentrations  must  be  measured  in  air  which  a member  of  the  public  could 
breathe  and  not  at  an  elevation  considerably  above  head  height.  Another 
implication  for  remote  sensing  which  has  not  received  much  attention,  but 
which  perhaps  should  be  considered,  is  that  the  concentration  probably  ought 
to  be  averaged  over  an  area  no  larger  than  the  area  in  which  a member  of  the 
public  might  confine  himself  during  the  minimum  averaging  time  of  1 hour.  To 
insure  comparability  of  measurements,  a specific  reference  measurement  tech- 
nique was  identified  for  each  pollutant  covered  by  a standard.  New  methods 
must  demonstrate  equivalency  to  the  reference  methods  by  satisfying  a set  of 
criteria. (3) 
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Ambient  air  quality  standards  have  been  established  for  sulfur  dioxide,  total 
suspended  particulates,  carbon  monoxide,  photochemical  oxidants,  and  nitrogen 
dioxide.  An  advisory  standard  for  non-methane  hydrocarbons  was  also  established 
as  a guide  In  developing  control  strategies  for  photochemical  oxidants. (2)  An 
ambient  air  quality  standard  for  particulate  lead  has  been  proposed,  and  a 
standard  for  particulate  sulfates  Is  under  consideration. 

The  next  step  In  the  abatement  process  after  setting  the  NAAQS  Is  to  Implement 
the  standard  by  establishing  a strategy  for  emission  regulations.  The  Clean 
Air  Act  requires  that  each  state  develop  a State  Implementation  Plan  (SIP) 
outlining  Its  strategy  for  meeting  the  NAAQS;  these  plans  are  to  be  submitted 
to  the  U.S.  Environmental  Protection  Agency  (EPA)  for  approval  within  9 months 
of  the  promulgation  of  a NAAQS  for  the  subject  pollutant.  The  Clean  Air  Act 
further  requires  that,  when  the  state  falls  to  submit  a SIP,  the  EPA  Is 
required  to  develop  one.  The  SIP  Is  essentially  a set  of  emission  regulations, 
usually  based  upon  the  modeled  dispersion  of  pollutants  from  specific  sources. 

To  give  a technical  basis  for  SIP  emission  regulations,  the  less  complex 
models  relate  the  emissions  from  large  point  sources  to  ambient  concentrations. 
The  models  themselves  consist  of  basic  dispersion  equations  which  perform 
their  calculations  from  a mix  of  measured,  estimated,  and  assumed  parameters. 

For  example,  dispersion  from  point  sources  Is  usually  modeled  with  some  type 
of  Gaussian  dispersion  formulation,  using  estimates  for  plume  centerline 
height-of-rise,  crosswind  and  vertical  dispersion  coefficients,  atmospheric 
stability,  mixing  depth,  and  mean  wind  velocity.  Plume  height-of-rise  is 
estimated  with  empirical  formulas  from  heat  flux,  momentum  flux,  stack  height, 
effluent  and  ambient  temperature,  stability,  and  vertical  wind  profile. 

The  final  technical  step  In  the  abatement  process  after  implementation  of  the 
control  strategy  is  to  monitor  ambient  air  in  the  affected  geographic  area  to 
ensure  compliance.  This  again  involves  measurement  of  concentration  averages 
at  fixed  locations  to  compare  the  data  with  the  NAAQS.  One  of  the  major 
technical  problems  encountered  in  compliance  monitoring  is  the  design  of  the 
monitoring  network  to  ensure  that  violations  of  the  NAAQS  in  the  air  quality 
control  region  are  observed.  Another  form  of  compliance  monitoring  is  in- 
stack emission  monitoring  to  ensure  that  the  SIP  emission  regulations  are  met. 

Figure  1 reveals  some  specific  air  quality  monitoring  needs  related  to  each 
step  of  the  abatement  process.  First,  the  setting  of  ambient  air  quality 
standards  requires  the  establishment  of  dose-effect  relationships.  This 
usually  involves  epidemiologic  studies  in  conjunction  with  air  quality  monitor- 
ing studies,  as  well  as  laboratory  dose-effect  studies.  For  example,  the 
primary  ambient  air  quality  standard  for  sulfur  dioxide  was  established  on  the 
basis  of  all  data  available  in  1970  about  the  health  effects  of  the  pollutant . (4) 
Subsequent  health-related  monitoring  and  epidemiological  studies  such  as  the 
Community  Health  and  Environmental  Surveillance  System  and  Community  Health 
Air  Monitoring  Program  have  been  carried  out  as  reviews  of  the  original  health- 
effects  criteria. 

The  SIP  is  typically  a set  of  emission  regulations  based  on  models  which 
relate  emissions  to  ambient  concentrations.  An  investment  in  air  quality 
monitoring,  particularly  in  remote  sensing  techniques,  can  reduce  model  uncer- 
tainty by  replacing  estimated  or  assumed  critical  parameters  with  actual 
measurements.  For  example,  the  accuracy  of  a Gaussian  point  source  dispersion 
model  can  be  improved  by  supplying  it  with  actual  measurements  of  plume  center- 
line  heights,  centerline  concentrations,  vertical  and  horizontal  dispersion 
coefficients,  and  transport  winds.  Another  type  of  monitoring  related  to  SIP 
development  is  concerned  with  quantifying  the  effects  of  long-distance  trans- 
port of  pollutants.  Much  recent  work  has  been  concerned  with  the  considerable 
impact  of  the  transport  of  photochemical  oxidant  and/or  its  precursors  over 
distances  of  hundreds  of  miles. (5)  The  desired  end  product  of  this  type  of 
study  is  a model  establishing  a quantitative  relationship  between  the  transport 
phenomena  and  oxidant  concentrations  at  a receptor  location.  A model  adequate 
to  describe  such  processes  will  be  very  complex,  if  indeed  a totally  satisfac- 
tory model  is  ever  developed. 

We  believe  that  remote  sensing  techniques  have  their  greatest  actual  and 
potential  application  in  studies  related  to  SIP  development  and  revision.  We 
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will  show  how  two  existing  remote  sensing  tools  have  application  in  such 
work-  The  airborne  earth-reflected  differential  absorption  device  for  measure- 
ment of  ozone  and  sulfur  dioxide  and  the  down- looking  LIDAR  for  determining 
plume  dispersion  characteristics. 

EARTH  REFLECTED  DIFFERENTIAL  ABSORPTION  SYSTEM 

One  of  the  goals  of  many  researchers  working  throughout  the  country  has  been 
the  development  of  pollutant-specific  remote  monitoring  l^^strumentation^ 

Active  systems,  those  using  an  interrogating  signal,  depend  on  the  differential 
absorption  of  light  from  two  or  more  chosen  laser  frequencies.  Two  different 
basic  classes  of  instruments  are  those  instruments  which  use  retroreflectors 
and  those  which  use  topographic  targets  or  aerosols  as  reflectors.  One  such 
device  under  study  is  a system  designed  to  measure  ozone  from  an  airborne 
platform;  this  sys’tem  uses  the  ground  as  a reflector.  The  system  has  been 
designed  and  constructed  by  the  EPA  and  is  currently  being  flight  tested. 

The  operational  principles  are  straight  forward.  Two  lasers  are  fired 
seauentially  about  15-nanoseconds  apart  toward  the  earth.  The  short 
between  the  separate  laser  pulses  ensures  that  the  beams  hit  essentia^y  the 
same  spot  on  the  ground  and  traverse  the  same  path  through  the  air.  The 
lasers*^operate  in  the  10  micron  infrared  region  with  one  frequency  located  on 
an  absorption  band  of  ozone  and  one  just  off  the  band. 

Both  reflected  signals  are  received  with  a common  telescope  and  detector  and 
both  lasers  are  monitored  for  output  power.  If  the  return 

ized  against  their  respective  values  for  power  output,  the  only  difference  in 
the  return  signal  will  essentially  be  due  to  ozone  absorption.  Note  that  the 
device  monitors  the  total  amount  of  ozone  beneath  the  aircraft.  To  estimate 
concentrations  some  knowledge  of  the  spatial  distr^ution  of  the  ozone  is 
necessary.  Results  of  ground  tests  confirm  a predicted  sensitivity  of  8 
parts  per  billion  ozone  in  a 1-kilometer  column  with  little  interference  from 
other  gases. 

The  differential  absorption  ozone  device  will  be  used  in  a special  monitoring 
study  of  the  previously  mentioned  oxidant/precursor  transport  problem. 

Oxidant  or  oxidant  precursor  transport  over  large  distances  has  been  de^n- 
strated  in  previous  studies. (5)  In  order  to  develop  appropriate  control 
strategies,  the  actual  magnitude  of  the  impact  of  the  transported  oxidant 
and/or  precursors  must  be  quantified,  and  if  possible,  a model  developed  to 
relate  emissions  to  their  distant  impact.  The  earth-reflected  differential 
absorption  device  can  be  used  to  establish  ozone  fluxes  from  one  area  to 
another,  a measurement  which  can  only  be  approximated  by  other  methods. 

Accurate  measurement  of  ozone  fluxes  will  greatly  advance  the  quantitative 
understanding  of  oxidant  transport.  A similar  system  using  two  laser  lines 
in  the  ultraviolet  range  near  300  nanometers  shows  potential  as  a device  tor 
monitoring  sulfur  dioxide.  Laboratory  tests  and  calculations  favor  this 
approach  over  a device  operating  in  the  infrared  regions. 

AIRBORNE  DOWN-LOOKING  LIDAR 

The  second  technique  we  wish  to  consider  is  the  down- looking  airborne  LID^  in 
the  specific  application  of  determining  plume  dispersion  characteristics. (6) 

The  device  used  here  was  also  constructed  by  the  EPA  and  is  operational.  A 
short,  300-nanoseconds  pulse  from  a f lashlamp-pumped  dye  laser  is  fired  from 
the  aircraft  towards  the  ground.  The  beam  is  scattered  by  molecules  and 
Sros;Ifwithi7the  atmosphere,  and  eventually  is  from  the  ground 

itself.  A small  amount  of  the  reflected  and  scattered  light  is  received  by 
telescope/receiver  system  on  board  the  aircraft  and  a time  sequence  of  the 
retuSg  Signals  is^ecorded.  These  data  are  displayed  in  real  time  on  board 
the  aircraft^ (Figure  2)  and  are  recorded  on  digital  magnetic  “pe-  ’ 

supplemental  information  including  time  of  day,  navigational  info^  *...n,  and 
sequential  shot  number  is  recorded  on  a leader  to  the  LIDAR  recorder. 

The  airborne  down-looking  LIDAR  can  be  used  in  SIP  modeling  studies  to  “easure 
point  source  effluent  plume  parameters.  The  device,  together  with  Its  Real- 
time graphic  display  capabilities,  can  be  used  to  measure  vertical  and  horizon- 
tal plume  dispersion  coefficients,  plume  centerline  height,  and  points  of 


i 


maximum  ground  level  impact.  These  parameters,  particularly  the  disoerslon 

estimated  for  modeling Vrposes.  thus  raisln^the 
^ J ^ Dispersion  coefficients  are  typilally  estimaLd 

from  data  collected  in  small-scale  plume  dispersion  experimentrovL  fl^r 

fbl^Lp^Cve  l3S“«uriS.  ">easurement  of  these  parameters  can  consider- 

COMPLIANCE  MONITORING  AND  OPACITY  MEASUREMENTS 

s-pjpipsgsS 

gJZd'biLS  airLnu“?“  positioning  a 

oompllanco  monitoring  which  has  already  found 

night^“TL”EPA'°’'N"tl° 

night.  The  EPA  s National  Enforcement  Investigation  Center  in  Denver,  Colorado 
has  recently  procured  a van-mounted  LIDAR  system  specifically  designed  to 
measure  the  opacity  of  point  source  plumes.  The  device  works  by  comparing  the 

immediately  in  front  of  the  given  plume  with  that 
-u®  plume.  The  ratio  of  the  two  signals  is  a function  of 
the  attenuation  of  the  pulse  through  the  plume.  The  method  has  been  tested 
using  several  existing  systems  and  it  is  hoped  that  after  a suitable  testing 
period,  the  technique  can  be  applied  to  this  rather  difficult  compliance 
monitoring  problem. 

the  collection  of  opacity  measurements  with  the  new  system, 
comparing  the  opacity  with  plume  backscatter  values  will'^be 
obtained.  If  reasonable  correlations  are  obtained,  later  devices  may  be  only 
equired  to  measure  the  magnitude  of  the  plume  backscatter  signal.  This  would 
obviate  the  need  for  the  present  very  powerful  visible  light  laser  pulse  and 
? future  systems  to  use  lower  power  pulses  at  eye-safe  frequencies  In 
addition,  airborne  measurements  of  opacity  could  be  made.  Figure  3 is  a 
series  of  downward -looking  LIDAR  traces  taken  on  a power  plant  plume  in  St. 

Louis,  Missouri,  and  illustrates  some  of  the  difficulties  Involved  in  making 

The  plume  is  trapped  by  a temperature  inversion,  Ind 
more  scattering  is  observed  beneath  the  inversion  layer.  Failure  to  take  this 
infor^tion  into  account  leads  to  the  absurd  conclusion  that  the  opacity  of 
the  plume  is  negative.  Some  corrections  could  be  made  using  a clear  air  trace 
just  before  the  plane  flew  over  the  plume,  but  an  accurate  measurement  would 
require  much  greater  attenuation  by  the  plume. 

PHOTOGRAPHIC  MEASUREMENTS 

sensing  technique  which  has  been  used  in  a compliance  monitoring 
application  is  a photographic  method  for  measuring  plume  opacity.  The  applica- 
tion is  again  directed  towards  compliance  emission  monitoring.  The  method  can 
be  used  only  under  rather  ideal  weather  and  daylight  conditions  but  is  extremely 
cost-effective  compared  to  the  use  of  trained  visual  observers.  Given  a ^ 

reasonably  clear  day,  many  industrial  sites  could  be  surveyed  by  one  aircraft 
The  method  is  essentially  a comparison  of  film  densities  from  the  shadow  of  an 
opaque  object  and  the  shadow  of  a plume  across  a surface  of  constant  reflec- 
tivity. Such  surfaces  would  include  roadways  and  waterbodies.  In  its  simplest 
form  an  aerial  photograph  is  taken  containing  the  shadow  of  a plume  and  the 
shadow  of  an  opaque  object  on  a roadway.  Film  densities  are  measured  at  these 
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anrf  on  the  roadway  with  no  shadow.  In  the  extreme  case  a plume  shadow 
density  equal  to  that  of  the  shadow  of  the  opaque  object  would  yield  an  opacity 
Jl?ue  of  1 with  corresponding  lesser  values  with  reduced  density  A ^mple 
equation  relates  opacity  to  the  actual  measured  values  for  density.  T^e 
method  can  also  be^^extended  to  cases  where  the  shadow  of  the  opaque  object  and 
the  plume  do  not  transect  the  same  homogeneous  surface.  The  second  method  in 
practice  gives  rise  to  a much  greater  number  of  possible  measurements. 

CONCLUSION 

A number  of  current  remote  sensing  techniques  are  finding  application  in  the 
several  classes  of  monitoring  needs  of  the  U.S.  Environmental  Protection 
Agency  At  the  present  time,  remote  sensing  techniques  appear  to  find  bheir 
greatest  application  in  SIP  development  studies.  In  addition,  active  research 
by  many  groSps  continues  on  a wide  variety  of  remote  sensing  ®y®betns  with  most 
effort^concentrated  on  pollutant-specific  active  systems.  Future  monitoring 
needs  will  require  an  increasingly  more  involved  role  for  remote  sensing 
techniques  in  air  pollution  monitoring  if  monitoring  is  to  be  cost  effect! 
and  is  to  provide  the  oftimes  necessary  synoptic  view. 
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PURPOSE 

CLEAN  AIR  ACT  OF  1970 

NATIONAL  AMBIENT  AIR- 
QUALITY  STANDARDS 
INAAQSI 


STATE  IMPLEMENTATION- 
PLANS  (SIP) 


COMPLIANCE  MONITORING- 


TYPE  OF  MONITORING 


HEALTH  EFFECTS  STUDIES 
TO  DEVELOP  CRITERIA 
(OXIDANTS:  SO,.CO.NO,.TSP. 
AND  OTHERS  AS  DESIGNATED) 

STUDIES  TO  DEVELOP  EMISSION 
REGULATIONS  & STRATEGIES 

• POINT  SOURCE  M00ELIN6 

• POLLUTANT  TRANSPORT 

-MONITORING  TO  DETERMINE 
FREQUENCY  DISTRIBUTIONS 
INAAQSI 


FIGURE  1.  RELATIONSHIP  OF  MONITORING  TO  AIR  QUALITY  RESEARCH. 


FIGURE  2.  PHOTOGRAPH  OF  REAL  TIME  LIDAR  DISPLAY.  Phot.'graph  shows 
plume  rising  1800  feet  above  ground  surface.  Horizontal  dimension 
of  photograph  is  approximately  3 miles. 
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REMOTE  SENSING  OF  WATER  POLLUTION 


W.  A.  Hovis,  Jr. 


National  Oceanic  and  Atmospheric  Administration 
National  Environmental  Satellite  Service 
Washington,  D.  C.  20233 


SUMMARY 


Remote  sensing  of  water  pollution  is  of  interest  to  determine  ^o^i^ces  of  pollution,  move- 
ment of  pollutants  after  their  introduction  into  water  and,  if  possible,  the  identity  and 
quantity  of  the  pollutant.  Remote  sensors  on  aircraft  or  spacecraft  can  cover  large  areas  in 
short  periods  of  time,  but  a number  of  problems  are  encountered  in  such  observations. 


The  most  pressing  problem  is  that  of  the  contribution  of  backscattered  sunlight  from  the 
atmosphere  to  the  signal  observed  at  any  reasonable  altitude  that  will  allow  wide 
age  Water  penetration  is  low  in  the  near  infrared,  so  measurements  of  reflected  sunlight  are 
conducted  in  the  range  from  450  to  1100  nanometers,  a spectral  interval  with  intense  scatter- 
ing. The  result  is  that  the  sunlight  reflected  from  material  in  water  usually  accounts  for 
only  10  to  20  percent  of  the  signal  observed  by  aircraft  or  spacecraft. 


Another  problem  is  sun  glint,  specular  reflection  of  sunlight  from  wave  surfaces.  Glin* 
can  saturate  a sensor  with  dynamic  range  set  to  accommodate  diffuse  reflectance  from  material 
in  the  water  and  the  atmosphere  or  mask  the  color  caused  by  subsurface  scattering  to  the  point 
where  all  water  content  information  is  lost. 


Glint  can  be  avoided  by  careful  selection  of  flight  times  and  flight  lines  in  aircraft 
experiments,  or  by  tilting  the  direction  of  scan  away  from  the  sun  as  will  be  done  on  the  Nim- 
bus G Coastal  Zone  Color  Scanner.  Atmospheric  backscatter  cannot  be  avoided,  so  provisions 
must  be  made  to  work  around  it.  Sensors  must  be  made  with  sufficiently  high  signal  to  noise 
ratios  so  that  the  "useful"  signal  to  noise  ratio,  representing  only  10  to  20  percent  of  the 
total  is  still  adequate  for  the  desired  analysis.  Measurements  to  date  show  that  a total  sig- 
nal to  noise  ratio  of  150  to  1 is  needed  at  the  blue  end  of  the  visible  with  slightly  less 
stringent  requirements  at  longer  wavelengths. 


All  of  these  problems,  and  more,  were  encountered  in  a remote  sensing  expedition  called 
MESA  (Marine  Ecosystems  Analysis)  in  one  of  the  most  polluted  areas  on  our  coastline,  the 
New  York  Bight.  The  expedition  used  surface  ships  and  aircraft  with  sensing  from  altitudes  of 
300  meters  to  19.8  km. 


At  low  altitudes,  spectral  measurements  showed  significant  differences  in  spectral  shape 
between  a strongly  colored  pollutant,  the  acid  waste  dump  off  Sandy  Hook,  and  such  things  as 
sewage  sludge  and  the  Hudson  Plume.  The  sewage  sludge  and  river  plume  were  different,  princi- 
pally in  the  magnitude  of  the  scattered  signal  with  very  similar  spectral  character.  This  is 
not  surprising  since  both  have  a very  similar  brownish  color  when  viewed  from  low  altitude.  All 
of  the  pollutants  scattered  more  sunlight  than  clear  ocean  water  at  all  wavelengths  in  the  low 
altitude  measurements. 


A U-2  equipped  with  a ten-channel  Ocean  Color  Scanner,  carried  out  simultaneous  measure- 
ments with’the  low  flying  aircraft  crossing  the  New  York  Bight  at  19.8  km.  The  scanner  pro- 
vided  spectral  information  and  imagery  of  the  dumps  and  the  river  plume.  As  might  be  expected, 
the  spectral  character  of  the  signal  was  badly  diluted  by  atmospheric  backscatter,  but  the 
imagery  provided  morphological  information  that  was  not  available  from  low  altitude  data. 

Dumps  could  be  identified  by  position  and  shape,  supplementing  spectral  information,  and  the 
movement  of  material  from  older  dumps  could  be  tracked. 


A method  of  analysis  was  attempted  wherein  the  mean  radiance  from  all  parts  of  the  scanner 
image  sensing  water  was  calculated  for  each  spectral  band.  Deviations  from  the  mean  were  used 
to  generate  characteristic  signatures  and  the  signatures  tested,  to  see  how  well  one  s|9natur 
agreed  with  surface  truth  over  a wide  range  of  total  suspended  particle  and  chlorophyll  concen- 
tration. Good  agreement  was  achieved  with  total  suspended  particle  measurements,  but  chloro- 
phyll in  ti'e  Hudson  Plume  showed  a wide  scatter. 
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REMOTE  SENSING  OF  ENVIRONMENTAL  IMPACT  OF  LAND  USE  ACTIVITIES 

C.K.  Paul 

Agency  tor  International  Development 
Washington,  D.C. 

ABSTRACT 


Aircraft  and  spacecraft  multlspectral  scanning  sensors  have  Increased  substantially  the 
capability  to  monitor  land  cover  over  that  associated  In  the  past  with  aerial  film  cameras  and 
radar  systems.  A proposed  Thematic  Mapper  with  greater  spectral  and  spatial  resolutions  for 
the  fourth  Landsat  will  usher  In  new  environmental  monitoring  capability.  In  addition, 
continuing  Improvements  In  Image  classification  by  supervised  and  unsupervised  computer  techni- 
ques are  being  operationally  verified  for  discriminating  environmental  Impacts  of  human 
activities  on  the  land.  The  benefits  of  employing  remote  sensing  for  this  discrimination  as 
opposed  to  more  traditional  ground  sampling  methodologies  have  been  shown  to  far  outweigh  the 
Incremental  costs  of  converting  to  an  aircraft-satellite  multistage  system.  An  example  of  land 
use  monitoring  by  satellite  multlspectral  scanners  for  local,  large  scale  urban  environmental 
Impact  assessments  are  the  Central  Atlantic  Regional  Ecological  Test  Site  (CARETS)  by  the 
U.S.  Geological  Survey.  From  a regional  perspective,  the  Association  of  Bay  Area  Governments 
(ABAG)  In  California  and  the  Regional  Environmental  Assessment  Program  (REAP)  In  North  Dakota 
are  experimenting  with  Landsat  data  In  developing  environmental  data  bases,  whereas  the 
Pacific  Northwest  Land  Use  Task  Force  and  the  U.S.  Army  Corps  of  Engineers  are  further  along 
in  the  technology  transfer  process  by  utilizing  remote  sensing  data  for  the  continuous  up- 
dating of  environmental  Information  systems.  The  Maryland  Bureau  of  Mines  and  Geology  Is 
using  Landsat  Imagery  specifically  for  monitoring  total  area  and  land  cover  change  In  the  state 
due  to  strip  mining  activities. 


INTRODUCTION 

Sensors  and  Platforms  for  Environmental  Land  Surface  Monitoring 

Although  non-metric  framing  cameras  have  proved  adequate  In  the  past  for  environmental  land 
use  monitoring,  the  need  for  flexibility  in  Image  enhancement  by  digital  means,  classifica- 
tion, rectification,  rapid  color  rendition  of  scene  data,  and  computer  storage  of  Image  data 
for  rapid  retrieval  and  composite  overlays  with  other  data  sources  has  resulted  In  the  multi- 
spectral  scanner  becoming  the  workhorse  for  environmental  planning.  The  side  looking  radar 
(SLAR)  and  newer  synthetic  aperture  radar  (SAR)  are  very  useful  for  geological  structural 
mapping,  soil  moisture  determination,  and  ocean  wave  measurements,  but  these  systems  are  still 
far  too  expensive  to  bo  of  more  than  passing  interest  In  operational  environmental  monitoring. 

The  earliest  satellite  Earth  Resources  surveys  were  performed  In  NASA  Mercury  and  Gemini 
flights  (Ref.  1).  The  cameras  used  In  these  missions  had  resolutions  too  large  for  environ- 
mental surveys  except  to  drive  home  to  the  public  the  concept  of  spaceship  Earth.  The 
Hasselblad  camera,  developed  on  Che  Gemini  flights,  became  the  astronauts'  workhorse  during 
the  Earth  imaging  experiments  of  the  Apollo  missions.  The  LandsaCs  1 and  2,  with  their 
4-band  multlspectral  systems  (MSS),  became  the  first  true  satellite  environmental  land  moni- 
tors. Most  of  the  case  studies  presented  In  this  paper  are  Landsat  applications.  Good  high 
resolution,  environmental  baseline  data  can  possibly  be  obtained  from  the  S-190A  multiband 
and  the  S-190B  Earth  terrain  cameras  of  Che  three  manned  Sky lab  missions.  The  third  Landsat- 
C to  be  launched  In  March,  1978,  will  have  a fifth  thermal  band  (10.5  - 12.6  micrometers)  of 
doubtful  use  to  land  environmental  problems,  but  the  advent  of  the  Thematic  Mapper  on 
Landsat-D  (1980)  with  6 proposed  bands  and  30-metcr  resolution  will  undoubtedly  be  an  asset 
to  environmental  planners.  It  would  seem  that  the  relatively  short  Shuttle  flights  with  pay- 
loads  similar  to  the  European  Space  Agency's  (ESA)  Spacelab  payload  would  be  Ideal,  Inter- 
mittent yet  periodic  monitors  of  land  surface  dynamics.  NASA  Is  presently  planning  possible 
sensor  payloads  for  its  own  purchased  Spacelab  to  supply  an  Earth  Viewing  Applications 
Laboratory  (EVAL)  (Ref.  1).  There  are  also  various  ocher  satellites  of  more  Interest  to 
water  and  air  quality  applications;  e.g.,  the  proposed  SEASAT-A,  Nimbus  G with  its  Coastal 
Zone  Color  Scanner,  and  all  of  NOAA's  weather  satellites. 
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NASA  also  has  a significant  fleet  of  research  oriented  aircraft  for  environmental  applications. 
The  NASA  Johnson  Space  Center  mtintalns  a Lockheed  NP3A  (Union)  having  an  airborne  multi- 
spectral  photographic  system  (AMPS)  oriented  toward  oceanographic  observations  along  the 
coastal  zones.  The  Center  also  has  a Lockheed  NC-130  B (Her'-ules)  used  extensively  to 
support  multidisciplinary  studies  with  a Bendlx  24-channel  scanner.  Their  two  RB-57F's 
normally  carry  either  two  Zeiss  mapping  cameras,  electrically  driven  Hasselblads,  or  the  AMPS. 
Both  57  s have  experienced  structural  problems  and  have  been  grounded  during  the  last  2 years. 
The  NASA  Ames  Research  Center  maintains  2 Lockheed  U-2  high  altitude  research  aircraft  which 
carry  in  combinations  the  four  matched  Vlnten  multlspectral  cariras,  the  RC-10  metric  mapping 
cameras,  and  the  HR-732  (Hycon)  cameras.  There  are  several  other  remote  sensing  aircraft  at 
other  NASA  Centers  and  many  private  aerial  mapping  companies  have  their  own  low  to  medium 
altitude  aircraft  (up  to  50,000  feet). 

Digital  Image  Processing  and  Classification: 

Digital  Image  processing  and  classification  have  become  branches  of  artificial  Intelligence 
and  pattern  recognition  for  study  In  their  own  right.  Image  processing  generally  begins  with 
picture  enhancement,  consisting,  but  not  limited  to,  digitizing,  magnification,  picture 
averaging,  gray  scale  reduction,  histogram  analysis,  contrast  enhancement,  spatial  filtering, 
reversing,  shifting,  rotating,  edge  enhancement,  and  other  transformations  of  the  Image  para- 
meters  to  Increase  feature  information  of  Interest.  Image  classification  then  proceeds  during 
which  the  enhanced  image  features  are  partitioned  Into  regions  of  similar  categories.  An 
excellent  summary  of  various  image  processing  systems  for  one  point  In  time  (early  1977) , 
describing  Industry,  university,  and  NASA  research  and  development  as  well  as  Investigators' 
names  and  addresses,  can  be  found  in  a soon-to-be  published  Jet  Propulsion  Laboratory  report 
by  E.T.  Johnson  and  J.V.  Lamar  called  Final  Report  - Low  Cost  Data  Analysis  Systems. 
Unfortunately,  no  similar  monumental  task  has  been  performed  for  Image  classification  system^.'. 

One  statistical  approach  to  image  classification  is  Bayes  Decision  Theory  (Ref.  2).  The  deci- 
sion rule  Is  to  select  a certain  class  (land  use  type,  for  example)  with  the  highest  apos- 
terlori  probability,  calculated  by  multiplying  the  conditional  probability  density  functions 
for  the  measured  surface  brightnesses  given  each  class  type  with  the  aprlorl  probabilities  that 
the  class  type  exists  In  the  scene.  Since  the  conditional  densities  are  rarely  ever  known, 
parameterization  techniques  are  usually  employed  to  obtain  the  maximum  likelihood  estimates  of 
the  values  characterizing  the  functions  (means,  covariance).  When  known  surface  features  are 
used  to  train  the  computer  in  deriving  these  parameters,  the  training  is  called  supervised. 

If  the  density  functions  behave  differently  than  the  more  commonly  known  ones,  nonparametrlc 
techniques  such  as  discriminant  analysis  or  nearest  neighbor  must  be  resorted  to.  If  training 
s^ples  are  not  available,  clustering  can  be  used  In  an  unsupervised  mode  to  gain  Insight  Into 
the  land  surface  brightness  structure  in  designing  the  supervised  classifier  or  for  change 
detection  after  a baseline  Inventory  has  already  been  established. 

There  Is  presently  a proliferation  of  classifiers  operating  in  the  U.S.  today.  Most  unlversl- 
Institutes  working  with  digital  classification  have  access  to  a maximum 
likelihood  classifier,  since  generally  this  system  achieves  highest  classification  accuracies, 
hwbelt  at  most  cost.  An  example  of  a nonparametrlc,  supervised  discriminant  function  classi- 
fier is  the  Sequential  Linear  Classifier  (SLIC)  (Ref.  3)  of  the  NASA  Marshall  Space  Flight 
Center.  The  Spatial  and  Spectral  Clusteriug  Program  (SSC?)  (Ref.  3)  operates  In  both  the 
supervised  and  unsupervised  mode,  the  supervised  to  build  a crude  classifier.  There  are  of 
course  hybrid  systems  which  combine  unsupervised,  nonparametrlc  clustering  with  determinant 
functions,  such  as  the  Histogram  Inspired  Neighborhood  Discerning  Unsupervised  (HINDU,  Ref.  3) 
and  a Jet  Propulsion  Laboratory  Bayesian  technique  combined  with  a Parallelepiped  table  look 
up  scheme.  A Parallelepiped  Is  an  n-dlmenslonal  abstract  figure,  the  parallel  sides  of  which 
In  each  dimension  are  defined  by  the  ranges  of  spectral  brightnesses  sensed  for  each  given 
land  surface  type. 

As  might  be  expected,  several  companies.  Institutes,  and  universities  have  integrated  Image 
processing  and  scene  classification  programs  Into  operational  and  marketable  systems.  For 
example,  the  Laboratory  for  Applications  of  Remote  Sensing  (LARS)  at  Purdue  University  has 
developed  the  LARSYS,  the  NASA  Goddard  Space  Flight  Center  has  their  Atmospheric  and  Oceano- 
graphic Information  Processing  System  (AOlPS) , Pennsylvania  State  University  has  the  Office  of 
Remote  Sensing  of  Earth  Resources  (ORSER)  system,  the  Jet  Propulsion  Laboratory  has  the  Video 
Image  Communication  and  Retrieval  (VICAR)  system,  to  name  a few  of  the  most  commonly  applied 
systems.  A detailed  description  of  the  linkage  of  the  NASA  Earth  Resources  Laboratory's  Image 
Display  System  and  other  peripherals  such  as  strip  film  recorders,  as  well  as  costs,  can  be 
found  In  pp.  11-24  of  Ref.  4.  Six  of  the  widest  distributed  commercial  systems  are  the 
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Economic  Cost  - Benefits: 

techniques. 

The  ECON  study  estimated  $30  “^1“°"  “"component'^of^^Nltion”  Cover^Inforaation* 

accruing  from  an  operational  Landsa  . as  P ^ efficiency  frontier,  wherein 

System  as  compared  to  an  aircraft-only  ay  • * randsats  to  provide  land  use  infor- 

the  number  of  images  which  could  be  produce  y y produce  that  number  of  images, 

matlon  to  a National  System  is  The  budget  cost 

The  cost  curve  is  assumed  concave  upwards,  the  benefit  „l,lch  also  represent  the  maxi- 

where  the  slopes  of  the  cost  and  benefit  E^^art!  EWN  does  little 


CASE  STUDIES 


Central  Atlantic  Regional  Ecological  Test  Site  (CARETS) i 


The  CARETS  program  was  The  broad^objectlie  of  the  program  was  to  assess  the 

NASA's  Office  of  Applications  in  ^970.  (starting  in  1972)  Landsat  multlspectral 

value  of  aircraft  remote  sensing  infomation  ^ Chesapeake  Bay.  The  CARETS 

imagery  to  the  ecological  study  populated  central  Atlantic  metropolitan 

is  Illustrated  in  Figure  1.  It  T P P . ^ ^ the  eastern  quarter  of 

areas  of  Philadelphia,  Baltimore.  Washington.  »"%Nor folk,  and  «ke.^l«  southeastern 

Virginia,  most  of  Essentially  CARETS  contains  the  Chesapeake 

corner  of  Pennsylvania,  and  most  o which  alanlf Icantly  impact  these  Bays.  The 

evaluation  program,  and  an  assessment  of  environmental  Impact. 

Although  CARETS  is  a regional  remote  sensing  P*’°*’'“"'  ot^’l^nd^ile^li  NoiLlk!*'virginU*  ’ 

urban  component  of  that  program  - the  aLlysS.  of  land  us.  and  analysis  of 

r ;eILs^5i;  rtrrrritrorbrzfallnrpr:!-^^^^^^^^  of  .nd  us.  chang.  and  by 

understanding  the  impact  of  these  changes  on  environmental  quality. 

Table  1 is  a generalised  land  cl.ssif ic.tion^for^Norfo^  inter^Setiv;  tech- 

forested  wetlands,  the  land  use  J j CARETS  Iwd  use  information.  These 

nlques  agree  precisely  with  the  1972  alrcratt  other  Landsat  investigators  for  these 

accuracies  are  far  better  than  accuracies  obtained  by  other  Land.at^ln^^^^ 

categories  of  land  uses  and  the  accuracies  re  tin.  the  imaeery  Generally  computer 

relationships  on  the  part  of  the  U.S.G.S  in  m."H land  and  urban 

classification  improves  the  accuracies  of  scattered,  sm  -uburban  fringe  zone.  Hence 

residential  and  commercial  strip  developments,  especially  display  device  can  be 

automatic  classification  with  human,  time  sharing  interface  by  an  image  aisp  y 
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CENTRAL  ATLANTIC  REGIONAL 
ECOLOGICAL  TEST  SITE 


Figure  1 


seen  to  have  tremendous  potential  advantages  In  land  use  classlf tt 
section  in  this  paper  on  the  South  Louisiana  Environmental  Inforl^tlorsJ!tLr“ 

Table  1.  Comparison  of  1972  Aircraft*  and  LANDSAT**  Level  I Land 
use  Areas***  for  the  Norfolk  Test  Site**** 


1972  AREA  FROM  AIRCRAFT 
UNO  USE  DATA  INTERPRETATION 

Hectares  Acres 


1972  AREA  FROM  LANDSAT 
DATA  INTERPRETATION 

Hectares  Acres 


LANDSAT 

ERROR 

Percent 


URBAN 

43,102 

106,505 

47,736 

AGRICULTURE 

48,391 

119,574 

48,047 

FOREST 

75,475 

186,499 

75,136 

NONFORESTED 

WETLANDS 

7,802 

19,279 

5,444 

BARREN 

1,434 

3,543 

1,448 

TOTAL 

176,204 

435,400 

177,811 

117,956 

118,724 

185,661 

13,452 


*1970  CARm  aircraft  data  area  measurements  digitized  by  the  Canada 

-‘Does  not  lncS'cItio^%^:^a“%^^:d""" 

****Reprlnted  from  Ref.  7,  p.  2-2. 
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regularly  exceed  primary  and  secondary  standards  and  by  1985  are  projected  to  exceed  presently 
established  secondary  air  quality  standards  throughout  Norfolk  and  Portland  and  even  parts  of 
Virginia  Beach. 

The  lack  of  accurate  and  detailed  land  use  Information  has  forced  the  EPA  to  employ  direct 
emission  source  control  strategies,  such  as  zoning  rollback  procedures  or  proportional  reduc- 
tions In  regional  emissions.  The  Agency  Is  now  planning  for  Air  Quality  Maintenance  Areas,  In 
which  various  land  use  alternatives  and  strategies  for  controlling  rates  of  emissions  can  be 
considered.  Up  to  date  land  use  change  Information  via  remote  sensing  has  been  shown  by  the 
CARETS  program  to  be  an  essential  Ingredient  to  this  program. 


The  Association  of  Bay  Area  Governments  (ABAC) : 

A rather  unique  and  encouraging  application  of  Landsat  MSS  data  to  Urge  regional  data  bases  Is 
being  Initiated  by  ABAC  In  Its  development  of  an  environmental  Information  system.  Landsat 
classified  land  use  Information  Is  proposed  to  be  used  for  calibrating  land  uses  projected  by 
the  Planning  Land  Use  Model  (PLUM),  a substantial  component  of  the  Information  system  (Ref.  9). 
In  addition,  Landsat  data  has  the  potential  of  providing  land  cover  Input  Information  to  PLUM, 
as  well  as  monitoring  regional  growth  via  satellite  change  detection. 

abac's  development  Is  a prime  example  of  how  personnel  sufficiently  motivated  toward  remote 
sensing  data  Inputs  and  with  meager  budgetary  support  can  utilize  generous  support  from  various 
Landsat  processing  and  government  funding  sources  to  piece  together  an  ambitious,  yet  promising 
geoprocessing  Information  system.  The  geoprocessing  framework  of  ABAC's  system  Is  termed  the 
Bay  Area  Spatial  Information  System  (BASIS),  one  of  the  few  really  appropriate  acronyms  1"  the 
geoprocesslng/remote  sensing  business,  since  the  system  forms  the  goedetlc  basis  of  all  ordi- 
nal and  even  nominal  data  which  enters  the  system.  BASIS  codes  point,  line,  and  area  data  to 
Universal  Transverse  Mercator  (UTM)  one-hectare  grid  cells.  Primary  data  to  date  are  digitized 
census  track  boundaries  and  1973  classified  Landsat  Imagery.  Data  output  consists  of  choro- 
pleth,  contour,  and  proximal  mapping  for  line  printers  and  electrostatic  plotters,  as  well  as 
aggregated  summary  statistics.  ABAC  pieced  together  the  radius  search,  area  calculation,  and 
overlay  modeling  software  to  generate  this  output  through  a contract  with  Environmental 
Systems  Research  Institute  and  a subroutine  transfer  from  Oak  Ridge  National  Laboratory. 

ABAC  contracted  with  the  University  of  Kansas  Space  Technology  Center  for  Inputting  17  Landsat- 
classlfled  land  cover  types.  In  addition,  with  the  assistance  of  the  NASA  Goddard  Space  Flight 
Center  (GSFC) , ABAC  Is  about  to  commence  remote  job  entry  for  Landsat  MSS  classification  with 
the  Office  of  Remote  Sensing  of  Earth  Resources  (ORSER)  at  Pennsylvania  State  University.  This 
Is  permitting  ABAC  to  analyze  1976  Landsat  Imagery  through  a unique  technology  transfer  process 
l.e.,  GSFC  has  transferred  Image  processing  via  ORSER  to  the  City  of  San  Jose  which.  In  turn, 

Is  now  transferring  this  processing  knowledge  to  ABAC.  The  ORSER  strategy  permits  ABAC  to 
perform  a raw  cluster  analysis  first  with  Landsat  MSS  data,  and  then  to  classify  the  scenes 
later  with  supervised  techniques  to  produce  a permeability  map  for  Input  to  ABAC's  surface  run- 
off modeling  effort  (Ref.  10). 

The  capability  of  regrlddlng  Landsat  pixels  to  UTM  hectare  grid  cells,  the  projection  units  of 
BASIS  Is  being  obtained  In  the  form  of  the  Varlan-based  CEOREF  computer  software  program  from 
NASA's  Earth  Resources  Laboratory  In  Slidell,  Louisiana.  This  program  will  also  allow  ABAC  to 
output  ORSER-classlf led  land  cover  types  In  hectare  grid  units.  In  addition,  ABAC  plans  to 
formally  link  Its  Varlan  computer  with  the  computer  resources  of  the  Lawrence  Berkeley  Labora- 
tory (LBL)  since  both  LBL  and  ABAC  are  Interested  In  sharing  Landsat  processing  and  classifi- 
cation software,  data  compression,  and  minicomputer  optimization  techniques. 


By  phasing  Into  the  rather  Involved  analysis  using  Landsat  MSS  data  through  limited  NASA 
support  and  Industry  contracts,  ABAC  appears  to  have  gained  considerably  In  sharing  computer 
support  with  various  private  and  government  Institutions  and  now  enjoys  an  Increasingly 
Improved  environmental  Information  system. 

North  Dakota  Regional  Environmental  Assessment  Program  (REAP): 

A large  and  significant  program  to  assess  environmental  and  demographic  Impact  of  natural 
resource  development  was  adopted  by  the  1975  North  Dakota  Legislative  Committee  In  the  form  of 
House  Bill  No.  1004  and  signed  Into  law  by  the  Governor  on  April  10,  1975  (Ref.  11).  The  law 
directed  the  Legislative  Council  to  appoint  a Resources  Research  Committee  to  be  responsible 
for  the  development  of  REAP.  The  Impetus  for  REAP  was  the  Increasing  Interest  In  coal  extrac- 
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tion  UBM/FSD)  for  the  design  conceptualization  If  III  mp  svL^  Corpora- 
tion for  a Landsat-derlved  land  use  map  of  threntire  sSe  il  .tl 

pertinent  data  sources  for  the  State  REAP  annoiDt  a if  i ^ ^ attempting  to  Identify  all 
areas  of  air  quallty-meteorolif  a'lm^U  geowf  h stiff 

land  use,  social  Impact-quality  of  life  socloerlinmi  f archaeologic-paleontologlc  sites, 

covering  the  entire  State  of  North  Dakota  were  pomn  f ^"^“cmatlon.  Nineteen  Landsat  scenes 
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is  being  aggregated  to  traffic  dlatrlcta  and  realdentlal  land  use  types  are  claasllled  accord-- 
Ing  to  house  density  and  extent  of  tree  cover.  The  emphasis  In  Portland,  Oregon.  Is  the  deter- 
mination of  Impervious  areas  and  wetlands  In  vacant  areas  and  the  location  of  the  urban-rural 
fringe  of  the  City  (for  census  purposes)  and  transitional  areas  where  construction  Is  taking 
place.  The  Puget  Sound  and  Seattle  Interests  are  the  urban  fringe  change  detection,  location 
and  measurement  of  disturbed  land  as  Input  for  river  basin  management  modeling  and  examination 
of  land/water  surfaces. 

The  objectives  of  all  three  urban  area  studies  require  the  transfer  of  an  economical  and 
feasible  method  of  land  use  change  detection  to  the  associated  government  bodies.  A signifi- 
cant step  has  been  taken  in  this  direction  by  Gaydos  (Ref.  14)  through  "remote"  analyzing  of 
remote  sensing  data.  This  analyzing  is  by  signature  extension  of  classified  land  use  theme 
parameters  from  one  Landsat  Image  to  another  Image  taken  along  the  same  orbital  path.  In  this 
study  Landsat  MSS  data  statistics  for  land  use  themes  In  the  Puget  Sound,  Washington  scene  were 
extended  to  the  Portland,  Oregon  scene,  one  scene  removed,  thus  eliminating  the  need  for  re- 
training the  computer  classifer  software  for  land  use  identification  in  Portland. 

The  procedure  for  the  signature  extension  to  Portland  Is  a good  example  of  the  many  computer 
processing  steps  necessary  in  obtaining  a land  use  product  from  a Landsat  MSS  computer  com- 
patible tape  (CCT).  First,  the  pixel  coordinates  of  the  Portland  CCT  were  matched  to  latitude- 
longitude  by  executing  a skew  transformation  existing  In  the  EDITOR  computer  software  on  the 
ARPA  network  (Advanced  Research  Projects  Agency.  Dept,  of  Defense).  The  EDITOR  software  was 
developed  by  the  Center  for  Advanced  Computation,  University  of  Illinois,  and  was  accessed  from 
the  NASA  Ames  Research  Center.  The  transformed  Portland  tape  was  then  classified  using  four 
channel  spectral  signatures  developed  for  the  Puget  Sound,  Washington  CCT  using  a maximum 

decision  rule.  The  Portland,  Oregon  tape  was  thereby  classified  Into  37  separate  spectral  types 

on  the  Ames  CDC  7600  computer.  One  800  bit  per  inch  tape  of  the  classified  data  was  then  used 
to  create  yet  another  tape  formatted  to  display  the  land  use  themes  In  20  colors  on  the  D47 
Dlcomed  Film  Recorder.  Thus  the  final  land  use  map  of  Portland,  Oregon,  Is  a combination  of 
various  computer  processing  steps  In  several  different  systems  and  represents  much  of  the 
latest  computer  systems  development  necessary  to  monitor  the  land  use  changes  and  its  effects 

on  the  urban  environment.  The  Dlcomed  color  land  use  map  of  Portland  is  shown  In  figure  2 in 

black  and  white.  The  northerly  flowing  Willamette  River  joins  the  westerly  flowing  Columbia 
River  where  the  Columbia  turns  sharply  to  the  north.  The  residential  light  (blue  In  original) 
areas  of  Portland  are  seen  In  the  narrow  region  between  the  Willamette  and  Columbia  Rivers. 

The  commercial  and  industrial  areas  of  Portland  are  seen  as  the  darker  (red)  strips  along  each 
bank  of  the  Willamette  River  south  of  the  junction  of  the  t%»o  rivers.  The  city  of  Vancouver, 
with  Its  developing  industrial  strip  on  the  north  bank  of  the  Columbia  River,  can  be  seen  north 
of  Portland.  Other  themes  discriminated  on  the  original  land  use  map  are  cropland,  pasture, 
deciduous  and  evergreen  forests,  clear  vs.  sedimented  water,  nonforested  wetlands,  quarries, 
transportation  links,  and  snow. 

South  Louisiana  Environmental  Information  System: 


The  South  Louisiana  Environmental  Information  System  Is  a joint  NASA  Earth  Resources  Uboratory 
and  U.S.  Army  Corps  of  Engineers  program  to  produce  and  update  maps/land  surface  feature  classi- 
fications using  Landsat.  A second  objective  Is  to  specify  and  document  an  operational  techni- 
que covering  the  necessary  hardware,  software,  and  training  in  order  to  transfer  the  remote 
sensing  technology  to  the  Corps  for  their  environmental  monitoring  of  the  South  Louisiana 
wetlands. 


This  program  has  been  underway  since  1974,  with  the  first  two  phases,  recently  reported  on  In 
Ref.  15,  now  successfully  finished  and  the  third  phase  begun  In  the  Fall  of  1976.  The  first 
two  phases  consisted  of  s demonstration  encompassing  production  of  wetland-ecology  zone  land 
cover  maps  for  the  Corps'  Environawntal  Information  System  by  Landsat  MSS  digital  analysis.  As 
the  South  Louisians  wetlands  represent  a very  sensitive,  yet  Important  ecological  resource  to 
the  state  and  the  Corps  Is  responsible  for  management  of  the  Nation’s  waterways  and  adjacent 
land  areas  as  well  as  for  wetlands  dredging  and  alteration  permitting,  the  Corps  has  decided  to 
enter  phase  3 of  the  program  In  which  they  will  acquire  the  ground  truth  data,  select  training 
fields  for  subsequent  computer  classification  of  land  cover  types  from  Landsat  MSS  data,  and 
verify  the  computer  classified  results.  NASA's  Earth  Resources  Laboratory  will  provide  the 
hardware  and  personnel  to  complete  the  computer  classification  products  and  to  train  the  Corps 
to  take  over  and  operate  the  satellite-based  environmental  Information  system. 

In  developing  this  system  with  the  Corps,  as  well  as  other  systems  with  the  State  of 
Mississippi,  the  NASA  Earth  Resources  Laboratory  has  been  a leader  In  the  design  of  low  cost. 


370 


flexible  digital  remote  sensing  analysis  systems.  Its  support  of  the  Association  of  Bay  Area 
Government's  BASIS  has  been  mentioned  in  this  paper.  The  six  coimnon  steps  through  which  they 
process  Landsat  magnetic  tapes  for  many  of  their  applications  are  useful  to  describe  at  this 
point  (Ref.  4). 

They  first  reformat  the  magnetic  tapes  for  their  o%m  software  system.  They  next  record  on 
color  film  a raw  map  of  two  or  three  selected  MSS  bands.  Combining  this  raw  map,  a 1:250,000 
U.S.  Geological  Survey  quadrangle  map,  and  1:24,000  scale  aerial  photos,  training  sites  are 
selected  and  field  teams  dispatched  to  selected  areas  for  ground  truth  surveys. 

The  known,  ground  truthed  field  sites,  with  their  boundaries  subsequently  Identified  In  Lanusat 
coordinates  by  a cursor  on  the  Image  Display  System,  are  then  Inputted  to  a program  which 
operates  on  the  reformatted  raw  data  provided  in  the  initial  step.  The  raw  data  windowed  by 
the  training  field  boundaries  are  statistically  processed  to  define,  a priori,  occurrences  of 
classes  of  land  cover  types  and  a set  of  decision  tables.  The  decision  tanles  are  then  read 
into  the  computer  and  each  element  (pixel)  of  the  reformatted  data  tape  outside  of  the  training 
areas  are  now  classified  according  to  the  decision  tables  and  displayed  on  the  Image  Display 
System  and  checked  for  classification  quality. 

Ten  distinguishable  points  on  the  Landsat  raw  map  are  colocated  on  the  L.S.C.S.  map,  such  that 
a Universal  Transverse  Mercator  (UTM)  coordinates  and  Landsat  MSS  scan  line  and  element  number 
transformation  is  effected  for  the  classified  elements.  Finally,  the  UTM  transformed  1®"** 
cover  map  is  recorded  with  optimal  colors  for  each  class  on  negative  color  film  and  the  film 
processed  and  printed. 

An  example  of  a color  film  product  of  a land  cover  map  classified  by  the  above  procedure  is 
Illustrated  In  Figure  3.  Note  the  extensive  non-forested  wetlands  (marsh)  in  light  tones 
between  the  Gulf  of  Mexico  and  the  higher  forested  and  urban  land.  The  Importance  of  this 
marshland  as  a breeding  source  for  fish  and  wildlife  and  its  cleansing  action  on  Industrial 
wastes  can  be  well  understood  by  this  spatial  rendition  of  the  total  areal  extent  of  this  eco- 
logically significant  zone.  The  ability  of  Landsat  to  quickly  and  economically  monitor  and 
measure  over  time  the  buildup  of  the  urban  development  patterns  (to  the  North)  is  a tremendous 
asset  in  regulating  and  controling  urban  growth  in  the  Atchafalaya  and  other  river  basins  of 
South  Louisiana. 


Western  Maryland  Appalachian  Strip  Mining: 


The  use  of  digital  classification  of  Landsat  imagery  to  complement  the  inventory  of  Western 
Maryland  strip  mines  has  been  successfully  demonstrated  (Ref.  16)  to  the  Land  Reclamation 
Consnittee  comprised  of  the  State  Geological  Survey,  the  Forestry  Service,  and  the  Water  Re- 
sources and  Conservation  Department.  Before  1975,  this  Committee  reviewed  permits  for  coal  strip 
mines  based  on  the  Bureau  of  Minos'  inventories  of  active  coal  bench  surface  areas.  These 
traditional  inventories  are  no  more  than  90  percent  accurate  in  areal  disturbance  measurements 
and,  due  to  various  degrees  of  revegetation,  generally  omit  the  hard-to-detect  orphan  mines 
closed  prior  to  1967  and  the  totally  affected  area.  In  addition,  since  the  traditional  in- 
ventories are  quite  accurate  for  small  mined  areas  and  inaccurate  for  large  mines  (whereas 
Landsat  achieves  its  greater  accuracies  for  larger  disturbed  areas)  and  since  Landsat  is 
capable  of  measuring  total  disturbed  surface  area  including  the  coal  bench,  the  Bureau  of  Mines 
considers  Landsat  to  be  ideal  for  annual  strip  mine  inventories.  Since  Bureau  personnel  have 
extensive  knowledge  of  the  locations  of  coal-bearing  formations,  some  Landsat-generated  false 
alarms(such  as  road  construction,  railroad  areas,  and  some  urban  areas,  due  to  similar  signa- 
ture return)  in  non-coal  producing  areas  are  of  no  concern  to  them. 


The  General  Electric  IMAGE-100  system  was  employed  to  classify  four  Landsat  Multlspectlal 
Sensor  (MSS)  bands  using  supervised  and  band-ratio  classification  training  sites  (mines) 
identified  on  low  altitude  NASA/Wallops  Aircraft  imagery.  Single  parallelepiped  training  was 
used  in  the  Georges  Creek  Basin  of  the  study  area,  but  fer  the  52  km  test  site  in  Garrett 
County  the  band  ratio  of  MSS  bands  5 to  6 were  compared  ti  predetermined  values  of  this  ratio 
for  known  strip  mined  surface  reflectances.  The  resulting  classlf icatlcn  for 
. . . L / Three  strip  t.ine  classes  are  dlscern- 

the  test  site  is  shown  in  Figure  4.  . , . , c .i...  •» 

ible;  class  1 corresponding  to  exposed  subsoil  ot  relatively  ^ieht  color,  class  2 denoting 

open  or  backfilled  mines  of  darker  overburden  (producing  Pittsburg  coal),  and  class  3 corres- 
ponding to  mines  having  been  backfilled  and  graded,  as  seen  in  Figure  5a  of  the  Franklin  Hill 
B mine.  The  Soil  class  identifies  strip  mines  already  backfilled  with  spoil,  then  graded  with 
topsoil.  The  Revegetated  class  is  illustrated  by  Figure  5b,  a terrestrial  photograph  of  a 
revegetated  section  of  the  Franklin  Hill  strip  mine.  The  remaining  classes  of  Figure  4 are 
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Backfilled  and  Graded  Franklin  llill  Mines 


Fioure  5b.  Revojetatou  Franklin  Hill  Strip  Mine 
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fields  and  forested  areas  within  the  region. 

Multlspectlal  classification  of  coal  mines  In  Western  states  with  a relative  lack  of  surround- 
ing vegetation  Is  extremely  more  difficult  than  In  Western  Maryland.  For  a description  of  the 
degree  of  success  In  classifying  mines  as  active,  graded  spoil  piles,  ungraded  spoil  piles,  and 
revegetated  spoil  areas,  the  reader  Is  referred  to  Ref.  12.  In  addition,  a description  of  a 
later,  more  detailed  aircraft  Inventory  of  strip  mines  In  the  Western  states  being  carried  out 
by  NASA  and  the  EPA  can  be  found  In  Ref.  IS. 


CONC  LIE  IONS 

The  technical  advantages  of  the  utilization  of  remote  sensing  satellite  and  aircraft  data  to 
monitor  selected  cases  of  land  use  effects  have  been  documented  In  these  case  studies.  The 
Norfolk  CARETS  studies,  as  well  as  others  not  mentioned  In  this  paper  such  as  Orlando,  Florida, 
reveal  a breakthrough  In  the  application  of  satellite  data  to  map  urban  land  uses  meaningful 
to  environmental  planners.  The  Association  of  Bay  Area  Governments  highlighted  the  need  for 
satellite  data  In  a large,  regional  Information  base.  The  heavily  funded,  new  North  Dakota 
REAP  Is  Incorporating  a Landsat-derlved  land  cover  map  as  one  of  Its  key  Ingredients.  The 
Pacific  Northwest  Region  program  has  shown  the  continuing,  three  year  requirement  of  satellite 
data  for  urban  as  well  as  other  land  use  Information.  The  Impact  of  urban  development  on  the 
crucial  resources  of  Louisiana's  wetlands  could  probably  never  have  been  realized  without  Land- 
sat's  contribution  to  the  Army  Corps  of  Engineer's  Environmental  Information  System.  And  Land- 
sat  's  capability  In  Identifying  and  measuring  strip  mined  areas  In  the  Eastern  Appalachian 
states  and,  to  a more  limited  extent.  In  the  Western  Rocky  Mountain  states,  has  been  remarkable. 
Technically,  for  certain  land  surface  disrupt  Ions  ,remote  sensing  has  proved  not  only  capable 
of  measuring  land  surface  phenomena  more  economically  then  conventional  methods,  but  also  of 
measuring  a dynamic  phenomenon  of  such  great  areal  extent  that  no  traditional  method  would  ever 
have  been  considered  for  near  simultaneous  baseline  measurements. 
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ABSTRACT 

It  is  just  over  20  years  since  the  initiation  of 
one  of  the  largest  civil  works  projects  in  the  history  of 
man  --  the  construction  of  68,397  km  (42,500  miles)  of 
interstate  highways  in  the  United  States.  Many  of  the  tools 
used  today  to  locate  and  design  highways  were  unknown  at  the 
time  of  initiation  of  this  program.  This  paper  presents  an 
overview  of  the  changing  role  remote  sensing  has  played  and 
continues  to  play  in  this  vast  program. 


1.  INTRODUCTION 

The  statement  made  by  Herbert  Spencer  in  1850  (1,  p.  1617:7): 

"Progress,  therefore,  is  not  an  accident,  but  a necessity."  succinctly 
describes  the  role  remote  sensing  has  played  in  the  planning  and  construction 
of  the  National  System  of  Interstate  and  Defense  Highways  (popularly  called 
the  Interstate  Highway  System).  The  Federal-Aid  Highway  Act  of  1956  provided 
the  major  impetus  for  the  construction  of  the  Interstate  System  now  totaling 
68,397  km  (42,500  miles).  It  provided  sufficient  funds  and  the  incentive-- 
the  Federal  Government  paying  90  percent  of  the  project's  cost--to  really  get 
this  program  moving.  Many  highway  departments  faced  with  the  problem  of  having 
to  handle  a vastly  increased  work  program  and  to  rapidly  get  underway,  out  of 
necessity,  looked  for  time-saving  and  cost-effective  tools  to  aid  them  in  this 
effort.  Remote  sensing--or  what  was  then  referred  to  as  aerial  photographic 
interpretation--as  a result,  was  more  widely  incorporated  into  the  highway 
programs . 

The  Federal-aid  highway  program,  which  includes  the  Interstate  Highway 
System,  is  a federally  assisted.  State  administered  program.  In  this  relation- 
ship, the  States  retain  the  initiative  in  constructing  roads  while  the  Federal 
role  is  to  review  and  approve  the  work  done  with  the  assistance  of  Federal  funds. 
In  evaluating  the  use  of  remote  sensing  in  this  program,  it  is  necessary  to 
review  the  efforts  of  all  50  State  highway  departments  and  the  District  of 
Columbia,  each  one  acting  as  an  individual  entity  in  this  large  program.  The 
techniques  applied  by  one  highway  organization  does  not  necessarily  mean  that 
they  are  similarly  applied  by  the  others.  Additionally,  many  of  the  highway 
organizations  have  used  consultants  for  some  of  their  work  with  the  result  that 
the  use  of  remote  sensing  techniques  varied  from  one  job  to  another.  Consequen- 
tly, the  attempt  in  this  paper  is  to  show  a composite  picture  of  where  remote 
sensing  is  applied,  how  its  use  has  grown  over  the  years,  and  how  its  role  has 
changed  as  new  systems  and  techniques  have  become  available. 
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THE  CHANGING  ROLE  OF  REMOTE  SENSING 


(19S6) : The  value  of  remote  sensing  to  highway  engineering  had  been 

demonstrated  for  at  least  IS  years  at  the  time  of  the  major  acceleration  of 
the  Interstate  program  in  1956.  The  use  of  aerial  photographic  interpretation 
techniques  for  performing  drainage  studies,  route  location  surveys,  soils 
investigations  and  locating  construction  materials  was  well  documented.  The 
use  of  this  technique  by  highway  organizations  at  this  time,  however,  was  not 
very  extensive.  A survey  of  highway  organizationsi' performed  in  1955-56  (2) 
indicated  that  33  highway  organizations  used  remote  sensing  in  some  phases  of 
their  work;  but  a detailed  analysis  indicated  only  10  were  using  it  fairly 
extensively. 

(Early  1960's]:  As  the  Interstate  program  gained  momentum  and  the  State 

organizations  expanded  their  staffs  to  handle  the  increased  workload,  the 
States  also  Increased  their  use  of  newer  and  more  efficient  techniques  such  as 
remote  sensing,  photogrammetry  and  computer  technology.  In  an  analysis  of 
three  surveys  of  highway  organizations  performed  during  the  period  1961-63  (3), 

50  of  the  53  organizations  reported  that  they  were  making  use  of  remote  sensing, 
with  22  indicating  a fairly  extensive  use  in  some  phases  of  their  work.  The 
most  extensive  areas  of  use  were  those  previously  demonstrated  as  effective: 
route  location,  soils  investigations,  drainage  studies  and  location  of  construc- 
tion materials.  In  addition,  other  areas  where  remote  sensing  was  being  applied 
by  the  more  progressive  highway  organizations  included:  highway  planning  studies, 
traffic  surveys,  condition  and  inventory  surveys,  construction  surveys,  and 
maintenance  surveys.  Some  also  applied  remote  sensing  techniques  in  special 
studies  such  as  archeological  investigations,  right-of-way  evaluation,  and  land 
use  surveys.  Use  was  also  made  of  the  photographs  as  an  historical  record 
depicting  existing  conditions  and  changes  occurring  over  given  periods  of  time. 

In  this  time  frame,  there  were  also  some  investigations  into  the  value  of  aerial 
color  photography  for  engineering  applications.  The  results  of  these  studies 
indicated  that  color  photography  was  better  than  black-and-white  photography 
for  the  interpretation  of  engineering  data  (4). 

(Late  I960' s) : In  the  late  1960's,  investigations  were  initiated  to 

evaluate  the  potential  application  of  the  newer  remote  sensing  systems  for 
highway  engineering  projects.  The  systems  evaluated  included  various  aerial 
film-filter  combinations,  multispectral  and  multiband  systems,  and  infrared 
and  microwave  systems  (5).  Investigations  into  the  use  of  computer  techniques 
to  aid  in  evaluating  and  enhancing  the  data  obtained  by  these  various  systems 
were  also  performed  (6).  Conclusions  from  these  early  investigations  indicated 
that  color  aerial  photography  was  the  best  single  sensor  system  for  engineering 
applications;  the  multispectral  and  thermal  infrared  systems  and  computer 
techniques  were  not  cost  effective  for  normal  engineering  projects,  but  they 
did  offer  some  unique  advantages  which  warranted  further  study.  As  a result 
of  these  and  earlier  studies,  the  use  of  color  photography  by  highway  organi- 
zations Increased.  Further  research  into  the  use  of  these  other  sensor  systems 
and  into  computer  analysis  techniques  was  continued. 

(Early  1970's):  The  enactment  of  the  National  Environmental  Policy  Act  of 

1969  and  tne  Federal-Aid  Highway  Act  of  1970  had  a great  impact  on  the  highway 
program.  These  acts  required  the  preparation  of  environmental  impact  studies, 
and  more  public  involvement  in  the  highway  route  selection  process.  This 
resulted  in  a great  increase  in  the  number  of  factors  to  be  evaluated,  the  need 
for  a multidisciplinary  approach  to  evaluate  some  of  the  factors,  and  necessi- 
tated an  improvement  in  procedures  to  present  this  information  at  public  meet- 
ings. Although  these  laws  and  subsequent  directives  outlined  the  factors  to 
be  evaluated,  they  did  not  provide  guidelines  on  the  methodologies  to  be 
applied.  They  did,  however,  provide  a fertile  field  for  the  application  of 
remote  sensing  techniques  and  computer  technology. 


1/In  this  and  subsequent  survey  results  reported,  53  highway  organizations 
were  surveyed:  50  State  highway  departments,  District  of  Columbia,  Puerto  Rico, 
and  the  Federal  Highway  Administration  (formerly  Bureau  of  Public  Roads). 
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r,-  ’ *'®spo"se  to  these  new  requirements  was  varied.  Those  States 

extensive  use  of  remote  sensing  relied  heavily  on  remote 
in  evaluating  a variety  of  environmental  factors.  Some 
developed  special  methods  using  remote  sensing  techniques  for  depicting 
sensitive  areas  such  as  wetlands  and  wildlife  habitats  (7);  Lr  evaluating 
noise-impact  and  soil-erosion  characteristics  (8);  and  for  detailing  terrain 
features  (soils,  geology,  topography,  drainage)  and  cultural  features  (arche- 
ology, utilities,  land  use)  OT.  In  other  States  where  remote  senliLwH  not 
used  extensively,  aerial  photography  was  used  mainly  to  provide  a view  of  the 
som^Stat!,"  Computer  analysis  techniquL'^iet;  alto  u«d  £y‘  ® 

^ evaluating  various  factors  in  the  performance  of  environmental 

sensing  data,  or  products  normally  derived  from  remote 
sensing  data  formed  the  data  base  for  performing  the  analyses  (10). 

esthetic  this  time  for  evaluating  the 

;s."So‘"'h 

of  th#.  photo-montage  technique,  a computer-generated  perspective  view 

overlaid  on  an  oblique  or  verticil  photograph  of  t><e  aret 
® three-dimensional  view  of  the  Voad  Lfore  u i con^ 

structed.  These  have  proved  very  useful  for  public  hearings  and  cost  much 

higLiy  ?nc!ided  ®°"®tructing  a model  of  the  terrain  with  the  proposed 

Apollphfg^%"an°l 

a?eni?2  d^la^'fthr^r"^”"'•  organlzrtlSnrmldl  Use  if'*'" 

satellite  data  in  their  programs,  and  these  were  generally  limited  to  regional 
was  drawback  to  the  use  of  satellite  imajL  mS«  ofJen  rfJo??L 

preted  fiom^thf  Present.  Many  important  details  which  could  be  inter- 

of  IL  fl?ellUe  fmiger?!  Photography  were  below  the  resolution  capabilities 

in  IQTT^TT^l;  recent  survey  of  highway  organizations  was  performed 

orglniLtionrHalna  .^^’T’'  showed  very  little  change  in  the  number  of  highway 
using  remote  sensing  over  those  last  surveyed  in  1963.  All*  ^ 

wj?r  Ihlirn^floSJared”?^  2^®  i®?°*®  so™e  phase  of  their 

‘f,too”P®red  to  22  previously)  were  using  it  fairly  extensively. 

Some  of  the  differences  noted  in  the  recent  survey  were:  (a)  more  States  were 

extint  for  photography;  (b)  remote  sensing  was  used  to  a greater 

extent  for  paffic  surveys  and  right-of-way  appraisal;  and  (c)  the  newer  area* 

preparing  environmental  reports,  use  in  public 
hearings,  and  inventorying  roadway  conditions. 

from  *®Ph*sis  in  the  Interstate  program  has  been  shifting 

from  new  location  to  maintenance  of  the  system.  Most  of  the  Interstate  Svstom 
has  been  completed  or  designed:  89.9  percent  is  opertrtraffic.  5!S 

llproJld-‘^of’lhe‘'ll«a{nr**  w ®"®*her  4.2  percent,  the  location  has  been 

rs’pelclJt  fl31  fr'’?’’®®"*'  "o  lo®»‘ion  action  has  been  taken  on 

only  u.B  percent  (13).  Yet,  it  is  reported  that  37  percent  of  the  total  cost 

?lr  *’*  Ihis  ?emaininj  cost  if  UrJeW 

Ihich  f other  improvements  needed  on  the  existing  sections.  A system’^ 

which  has  been  used  extensively  to  inventory  the  conditions  of  the  pavement 
and  appurtenances  to  the  highway  is  photologging.  Photologging  is  a around 
surveying  technique  and  involved  the  taking  of  fequentifl  pho?ogrLhs*lf  ?he 

“"tk*^®  ’■°*‘**J‘*®  ^’■0"  * moving  vehicle  by  a camera  mounted^in  the 
vehicle  The  sequential  photographs  are  taken  at  equal  increment  If  distance 

A^flw  Stftiriff  orpnizations  are  using  this  technique, 

uating  Iffftefffcmeffl  inventorying  and  eval- 


2/Some  of  the  conclusions  reported  in  this  paper  which  are  based  on  the  1974 

Published  summary  referenced?  ?hff  lere 
obtained  from  the  individual  responses  to  the  questionnaire.  ^ 
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CONCLUSIONS 


The  use  of  remote  sensing  by  highway  organizations  has  grown  significantly 
in  the  past  20  years:  in  19S6,  33  of  S3  highway  organizations  reported  using 
remote  sensing,  10  extensively;  by  1974,  all  were  using  remote  sensing,  23 
extensively.  It  has  played  an  important  role  in  the  Interstate  highway 
program.  Its  role,  however,  has  varied  from  State  to  State.  A composite  view 
of  some  of  the  many  ways  remote  sensing  has  been  applied  in  the  highway  field 
is  best  obtained  by  reviewing  Chapter  24  of  the  Manual  of  Remote  Sensing  (IS). 
Numerous  case  studies  and  examples  are  included  in  that  chapter. 

The  highway  field,  although  slow  in  adopting  new  techniques,  has  generally 
kept  pace  with  the  development  of  new  systems  and  techniques.  Color  photography, 
both  natural  and  infrared,  is  being  used  routinely  by  many  highway  organiza* 
tions.  Multispectral  and  infrared  imagery  has  been  applied  in  a few  specific 
studies,  but  has  been  extensively  researched  (16).  The  use  of  computer  analyses 
in  conjunction  with  remote  sensing  techniques  has  been  utilized  in  a few  areas 
--perspective  views  and  photo-montage- -but  here  also,  extensive  research  inves- 
tigations have  been  undertaken. 

The  rate  at  which  new  remote  sensing  techniques  are  applied  can  be 
related  to  three  basic  factors.  First,  are  they  cost  effective?  If  they  do 
not  provide  the  same  information  for  less,  or  more  information  at  the  same 
cost  as  the  techniques  being  used,  they  will  not  be  applied.  Second,  upper 
management  needs  to  make  the  decision  to  implement  these  techniques.  There 
have  been  many  cases  where  cost  effective  techniques  were  not  adopted  until 
there  was  a change  in  upper  management.  Third,  for  success  in  these  techniques, 
it  is  important  to  have  trained  and  qualified  interpreters.  Since  a large  part 
of  remote  sensing  is  an  art,  nothing  can  discourage  the  use  of  a new  technique 
more  than  an  unsuccessful  attempt  at  application  by  unqualified  persons. 
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ABSTRACT 

In  1933  the  Tennessee  Valley  Authority 
was  created  as  a resource  development  agency 
and  charged  with  the  basic  mission  of  improving 
the  economy  of  a depressed  region.  To  accomp- 
lish this,  three  tasks  were  identified  as  part 
of  the  original  act:  power  production;  flood 

control,  and  navigation. 

The  purpose  of  this  paper  is  to  examine 
some  of  those  programs  that  either  directly 
or  indirectly  support  the  above-stated  mission 
and  tasks  and  avail  themselves  of  remotely 
monitored  data. 

Because  TVA  is  an  agency  that  has  opera- 
tional charges,  the  chief  determinant  in  any 
decision  to  use  one  method  of  data  gathering 
over  another  is  its  cost-effectiveness.  Some 
programs  will  be  identified  as  using  remote 
sensing  techniques  while  others  are  still  in 
the  investigative  stages  and  still  others  have 
examined  some  and  determined  that  such  is 
ineffective.  This  paper  will  deal  chiefly 
with  the  first  two  situations. 


1 . INTRODUCTION 

The  Tennessee  Valley  Authority  (TVA)  was  created  in  1933  to  help  solve  the 
resource  development  problems  of  a depressed  region.  This  was  the  first  time 
that  related  parts  of  resource  development — flood  control,  navigation,  power 
production,  and  other  activities — had  been  brought  together  in  one  unified 
effort  for  a major  region.  It  represented  an  effort  to  look  at  the  "big 
picture. " 

From  this  revolutionary  inaugural,  it  is  not  hard  to  understand  why  TVA  is 
willing  to  tackle  investigations  into  possible  applications  of  remote  sensing 
for  data  gathering  in  local  and  regional  instances.  It  is  the  purpose  of  the 
following  to  explain  TVA's  programs  in  surveying,  mapping,  and  related  efforts 
in  general,  and  in  particular,  its  involvement  in  the  field  of  remote  sensing. 

Initially  this  paper  will  deal  with  the  historical  aspect  of  the  above- 
mentioned  activities,  followed  by  a discussion  of  the  current  organization  and 
functions  of  TVA's  Mapping  Services  Branch.  Then  the  discussion  will  center  on 
remote  sensing  efforts  and  services  provided  for  other  TVA  programs,  as  well  as 
products  and  services  that  are  available  to  the  public. 
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2 .  BACKGROUND 


During  the  early  1930 *s,  TVA  and  the  United  States  Geological  Survey 
(USGS)  were  charged  jointly  with  the  planimetric  mapping  of  the  Tennessee 
River  watershed,  and  photograinmetric  methods  were  used  in  carrying  out  this 
assignment. 

It  is  interesting  to  note  that  aerial  photography  used  to  supplement  the 
planimetric  map  effort  was  also  used  by  TVA  in  its  rural  land  classification 
program.  The  program  undertaken  in  1935  was  an  effort  to  classify  land  in 
the  Tennessee  Valley  into  five  categories  on  the  basis  of  those  economic  con- 
ditions of  the  people  and  physical  conditions  of  the  land  that  could  be 
observed  in  the  field.  All  of  the  field  data  was  recorded  on  multiple-lens 
aerial  mosaics  on  a scale  of  1:24,000.  The  field  surveys  were  particularly 
useful  in  areas  where  there  was  not  readily  available  data  on  land  resources 
and  settlement  patterns.  This  represents  one  of  the  first  comprehensive 
efforts  to  classify  the  land  use. 

The  planimetric  mapping  program  was  initially  accomplished  by  ground- 
based  planetable  methods,  supplemented  by  analyses  of  aerial  photography 
obtained  from  a five  lens  camera.  The  photo  analysis  allowed  interpreters 
to  differentiate  between  the  main  features  delineated  on  the  planimetric 
maps--cultural  regions,  drainage  patterns,  and  forested  areas.  The  two 
agencies  accomplished  the  planimetric  mapping  of  the  entire  Tennessee  Valley 
in  7-1/2-minute  quandrangles  at  1:24,000  scale  in  1937. 

In  1936,  however,  TVA  cooperated  with  the  USGS  in  testing  and  proving 
the  feasibility  of  the  multiplex  stereo  plotter  as  a means  of  producing  stand- 
ard topographic  maps  more  economically  than  ground  methods.  These  tests  led 
to  adoption  of  the  stereo  plotting  method  in  TVA's  mapping  program  two  years 
later.  The  multiplex  is  an  optical  plotter  which  allows  one  to  compile  a map 
in  the  vertical  dimension,  as  well  as  the  horizontal.  Its  use  requires  two 
overlapping  and  nearly  vertical  aerial  photos  which,  when  properly  oriented 
in  the  plotter,  allow  the  operator  to  create  a three-dimensional  model  and 
ultimately  a topographic  map. 

TVA  and  USGS  cooperated  in  such  Tennessee  Valley  mapping  efforts  until 
1950  when  TVA  was  made  solely  responsible  for  topographic  mapping  activities 
in  the  Tennessee  Valley.  The  USGS  retained  similar  responsibility  for  the 
remainder  of  the  United  States  with  the  exception  of  coastal  regions  and 
certain  militarily  significant  sectors. 

The  TVA  mapping  program  has  continued  with  improved  cameras  and  stereo 
plotting  instruments  under  the  direction  of  the  Mapping  Services  Branch  of 
the  agency's  Division  of  Water  Management.  Today's  charges  consist  of 
updating  existing  Tennessee  Valley  topographic  maps  (7-1/2-minute  quandrangles) 
and  creating  new  maps  for  use  both  inside  and  in  some  cases  outside  TVA. 


3.  MAPPING  SERVICES  BRANCH  OF  TVA 

Mapping  Services  Branch  provides  services  to  requesting  TVA  programs  and 
in  selected  cases,  to  outside  agencies  or  the  public.  Administratively,  the 
branch  is  substructured  into  sections  according  to  the  following  basic 
functions: 

1.  Photogrammetry  and  Remote  Sensing  Section 

2.  Archaeology,  Cemetery  and  Utility  Relocation  Section 

3.  Cartographic  and  Land  Approvals  Section 

4.  Administrative  Services  Section 

5.  Map  Information,  Records  and  Reprographics  Section 

The  following  discussion  will  briefly  outline  the  basic  functions 
corresponding  to  the  above-listed  sections. 


The  Photogranunetry  and  Remote  Sensing  Section  is  charged  with  acquiring, 
processing,  and  distributing  black  and  white,  black  and  white  infrared,  color 
and  color  infrared  mapping  aerial  photography,  as  well  as  that  obtained  by 
70  mm  cameras.  This  section  is  also  capable  of  flying  airborne  thermal 
missions. 

Because  its  mission  is  oriented  toward  the  aerial  acquisition  of  data, 
the  section  is  further  charged  with  the  duty  of  coordinating  all  remote 
sensing  efforts  within  TVA  and  acting  as  liaison  between  TVA  and  cooperating 
agencies  and  organizations  in  similar  endeavors.  All  of  these  efforts  will 
be  discussed  in  greater  detail  in  the  next  section. 

Once  mapping  photography  has  been  acquired,  the  section's  duties  extend 
to  the  compilation  of  topography  according  to  requested  specifications. 

Services  are  also  available  for  digitizing  data  in  two  or  three  dimensions. 

Other  services  provided  by  the  branch  include  the  coordination  for  the 
relocation  of  utilities  affected  by  construction  projects  and  the  coordination 
and  monitoring  of  archaeological  investigations  required  by  law  prior  to  the 
construction  of  TVA  projects. 

The  branch  performs  work  involving  studj'.s  of  land  patterns  and  ownership 
as  they  relate  to  program  needs,  reviews  land  maps  along  with  field  investi- 
gations to  determine  and  establish  the  most  logicai  limits  for  acquisition, 
transfer,  or  sale  of  land  or  landrights,  together  with  the  preparation  of 
approval  forms  and  legal  descriptions  necessary  to  complete  the  transactions. 

The  branch  is  also  responsible  for  providing  cartographic  services  required 
for  lithographic  or  photographic  reproduction  of  maps,  charts,  graphs  of  a 
widely  varied  nature  and  format.  These  products  include  topographic,  geologic, 
hydrographic,  soils,  magnetic,  area,  project,  recreational,  survey  control  maps 
and/or  charts.  Some  of  these  products  are  available  to  the  public  by  contact- 
ing Mapping  Services  Branch,  200  Haney  Building,  Tennessee  Valley  Authority, 
Chattanooga,  Tennessee  37401. 

Time  and  space  limit  the  presentation  of  detailed  discussions  on  all  of 
the  above  matters.  However,  a closer  look  at  Mapping  Services  Branch  respon- 
sibility and  capability  in  rer..cte  sensing  follows. 


4 . REMOTE  SENSING 

As  previously  stated,  the  duty  of  coordinating  all  remote  sensing  efforts 
within  TVA  has  been  delegated  to  the  Mapping  Services  Branch.  This  branch 
works  directly  with  TVA  interests  that  have  immediate  or  potential  need  for 
remotely  sensed  data  and  acts  as  TVA's  liaison  with  outside  organizations 
and  agencies  having  similar  endeavors. 

As  such,  the  branch  has  developed  certain  inhouse  capabilities  which  can 
be  applied  either  as  a research  tool  or  to  specific  projects  as  suggested  or 
requested  by  TVA  programs. 

One  of  the  first  charges  of  TVA  was  that  of  topographic  mapping.  As  a 
result  of  this  the  Mapping  Services  Branch  began  obtaining  aerial  photography 
in  the  early  1930' s.  This  photography  is  maintained  in  Chattanooga  and  is 
available  to  the  public.  Due  to  rapid  cultural  development  requiring  periodic 
update  of  the  topographic  maps,  there  is  available  valuable  sequential  photo- 
graphic coverage  of  some  areas  of  the  Tennessee  Valley  spanning  over  40  years. 

TVA  maintains  one  remote  sensing  aircraft  (an  Aero  Commander  680  FL)  which 
is  on  call  to  the  Mapping  Services  Branch  on  a year-round  basis. 

The  branch  maintains  two  aerial  camera  systems.  The  first,  a Wild  RC-8 
metric  mapping  camera  with  a 6-inch  focal  length.  This  camera  with  a 9-inch 
format  is  compatible  with  the  branch's  stereo  plotting  equipment  and  is  used 
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primarily  for  obtaining  photography  for  both  large-  and  small-scale  mapping. 

The  second  system  is  multispectral , containing  from  one  to  four  70  mm 
Hasselblads.  Each  camera  may  be  loaded  with  a different  film  or  filter 
combination.  The  cameras  are  fired  simultaneously. 

The  Mapping  Services  Branch  has  a one  channel  Daedalus  thermal  scanner. 

It  is  used  routinely  to  monitor  water  temperature  around  TVA's  power  plants. 

The  branch  also  regularly  obtains  aerial  oblique  photography.  This 
photography  is  used  mainly  to  monitor  progress  at  TVA  projects  and  is 
obtained  from  a helicopter. 

Because  of  its  history  in  collecting  and  providing  to  users  data  of  all 
types,  in  1973  the  branch  was  further  assigned  the  task  of  acting  as  a regional 
EROS  Browse  File.  As  such,  all  LANDSAT,  formerly  Earth  Resources  Technology 
Satellite  (ERTS)  imagery  in  microfilm  format  is  made  available  to  those  inter- 
ested in  evaluating  the  imagery  and  that  may  need  help  in  ordering  same  from 
the  Data  Center  in  Sioux  Falls,  South  Dakota. 

The  branch,  as  a regular  practice  and  as  an  adjunct  to  the  Browse  File, 
collects  all  high  altitude,  color  and  color  infrared  aerial  photography  that 
covers  the  Tennessee  River  watershed  and  makes  it  available  to  TVA  users,  as 
well  as  allows  its  inhouse  evaluation  by  the  public. 

The  Remote  Sensing  staff  has  the  ability  to  advise,  use,  and  educate 
others  in  the  efficient  use  of  remotely  sensed  data. 

In  order  to  present  more  conveniently  TVA's  internal  and  external  dealings 
within  the  field  of  remote  sensing,  the  remainder  of  this  paper  will  be  sub- 
divided into  subsections,  roughly  corresponding  to  those  disciplines  that 
commonly  use  the  remote  sensing  services  provided  by  Mapping  Services  Branch. 


5 . FORESTRY 

Forestry  was  probably  one  of  the  first — and  today  possibly  one  of  the 
biggest--users  of  remotely  sensed  data.  To  make  the  best  use  of  these  data, 
the  forester  is  knowledgable  on  both  the  geometric  and  interpretive  charac- 
teristics of  aerial  photography. 

A county  inventory  system  was  conceived  in  1942  and  implemented  in  the 
1950 's  which  relied  on  the  most  recent  aerial  photography  of  the  country  and 
the  Tennessee  Valley  topographic  maps.  To  update  the  survey,  it  is  necessary 
to  acquire  additional  aerial  photography  for  interpretation.  This  photointer- 
pretation, coupled  with  the  prescribed  number  of  field  checks,  yielded  up-to- 
date  county  forest  area  estimates  with  a sample  precision  of  about  ♦ 1%. 
Concurrent  investigations  into  the  use  of  LANDSAT  imagery  show  potential  use 
of  such  imagery  as  an  aid  in  compiling  current  forest  area  estimates  for  mid- 
cycle  projections  and  in  studying  the  spatial  distribution  of  forest  stand 
characteristics  in  relation  to  other  resources. 

Aerial  photography  was  also  used  to  locate  and  aid  in  the  digitization  of 
county  lines  and  to  determine  water  and  open  acreages.  In  the  mid-1960's,  a 
system  of  identifying  wildlife  habitat  based  chiefly  on  aerial  photointerpre- 
tation was  initiated. 

TVA  foresters  are  charged  with  monitoring  both  strip  mine  progress  and 
reclamation  of  all  mining  operations  from  which  TVA  buys  coal.  This  also 
includes  the  identification  of  abandoned  surface  mines  and  those  mines  that 
may  contribute  to  water  quality  problems  within  the  Tennessee  River  watershed. 
This  is  currently  accomplished  using  black  and  white  and  black  and  white 
infrared  conventional  scale  photography.  When  available,  high-altitude  aerial 
photography  is  also  used.  Presently,  LANDSAT  is  being  evaluated  for  potential 
use  in  the  location  of  both  abandoned  and  active  strip  mines  as  well  as  to 
monitor  the  effects  of  reclamation  and  revegetation  activities. 
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The  forestry  land  analysis  laboratory  has  conducted  demonstration  oroiects 
land  cover  is  needed.  Such  demonstrations  include  computer-^ 
assisted  transmission  corridor  location  and  power  facilities  sitinq.^  A Geo- 
graphic reference  system  is  loaded  with  resource  data  collected  from 
conventional  and  high-altitude  aerial  photography  and  satellite  imagery  (where 

S°C^Se  Harvard^cLof“f^n°'"  ‘"^"^  documents.  The  baLc  Jool 

usea  is  the  Harvard  School  of  Design  created  software  called  IMGRID. 

imagery  is  also  being  considered  as  a source  for  course-level 

i"  the  identification  and  monitoring 
potentially  critical  species  habitats.  ^ 

6 . GEOLOGY 

^ High-altitude  remote  sensing  techniques  permit  the  geologist  to  stand  at 

Lriff'ohotLranh?r®  "^-ro-geolo^ic  structure.  Co^oSy  Jsed 

Hiah-ilti?nH»  scales  (about  1:24,000  or  larger)  deny  such  a perspective. 

1^120  OOO^^fL?^^^n®nnn‘'K^°^  infrared  photography  at  scales  1: 60, 000,- 
1.120,000,  and  1.450,000  have  been  obtained  over  selected  areas  of  the 

iNASAr^^Such^®^  through  the  National  Aeronautics  and  Space  Administration 

f ^"'^gery  is  extremely  helpful  to  the  geologist  for  the  analysis 
regional  geologic  structure.  In  conjunction  with  TVA's 
Valley  Maying  Program,  the  agency  obtains  1:76,000  scale  quad-centered  aerial 
^vrgSLSsts  --th  of  the  valley  per  year  w^ich  iratsfuslfuf 

concern  of  TOA  and  State  geologists  is  monitoring  strip  mine 
activity.  In  this  regard,  high-altitude  photography  allows  the  geologist  to 

iar!ation=  « to  type  Ld  ownersh^  anl  s^udr 

variations  over  time  provided  such  imagery  is  obtained  at  regular  intervals. 

geologist  also  uses  the  high-altitude  photography  and  satellite 
imagery  as  an  aid  in  evaluating  present  and  potential  power  facilities  sites 

Structural  significance  of  ten  can've  detected  thit  couM 
not  be  observed  during  surface  studies  nor  inferred  from  lower  level  ohoto- 
which^wa<5^*'%^°’^^^  facilities  siting  efforts  have  also  obtained  radar^imagery 

of  f ° t "sed  in  the  identification  and  delineation 

of  linear  features  at  selected  proposed  power  generating  sites. 

' I Seolog^sts  use  a proton  precision  magnetometer  towed  behind  an 
aircraft  to  measure  the  magnetic  variations  of  the  earth's  crust  This  data 
IS  used  to  create  a magnetic  map  of  the  Tennessee  Valley  and  portions  of 
adjoining  areas  and  ultimately  to  delineate  areas  of  potential  interest  for 
^1/2  miniif  ">i"eral  exploration.  The  resultant  inf^mation  is  published  on 
^ quadrangles  as  part  of  a cooperative  program  with  selected  states 
of  the  Tennessee  Valley  region.  Satellite  imagery  and  the  bandls  a«r6 

created  by  Mapping  Services  Branch  have  also  been  helpful  in 
geologic  mineral  resource  inventory.  •■citu.ur  in 


7 . WATER  RESOURCES 

Water  quality  has  been  one  of  TVA's  prime  concerns  for  many  years 

either^thronoh  agency's  water  quality  data  gathering  is  done 

either  through  field  surveys  or  through  in  situ  monitors  with  the  results 
telemetered  to  a collection  station.  The  in  situ  monitors  can  coUect  dita 
on  the  temperature,  conductivity,  dissolved  oxygen,  turbidity,  etc. 

the  effort  in  examining  the  state  of 

the  art  of  airborne  thermal  scanning  methods  of  determining  water  surface 
temperature::.  Such  methods,  if  reliable  to  ± 0.5«F,  wouJS  prov^to  b^ 
extremely  useful  in  monitoring  thermal  effluents  from  steam  and  nuclear 
power  plants,  particularly  in  light  of  State  imposed  thermal  standards. 
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Happing  Services  Branch  regularly  monitors  selected  power  generatinq 
sites  using  an  airborne  thermal  scanner.  Using  thermal  infrared  scanninq 
techniques,  selected  plants  throughout  the  Tennessee  Valley  were  studied  on 
a twenty- four  hour  basis.  Such  imagery  is  used  regularly  to  depict  such 
aspects  as  plume  shape  and  direction  under  varied  flow  conditions.  This, 
in  turn,  allows  investigators  to  effectively  place  in  situ  sensors  to  gather 
the  more  quantitative  information  and  to  check  the  results  of  mathematical 
modeling  of  the  plumes. 


One  of  the  many  efforts  within  TVA  is  to  predict  the  flow  for  various 
flood  frequencies  for  ungaged  watersheds.  In  a recent  demonstration  effort, 
nine  land  cover  variables  were  obtained  from  digital  analysis  of  LANDSAT 
data,  and  eleven  watershed  characteristics  were  obtained  from  topographic 
maps  and  successfully  used  in  a regression  analysis  to  predict  flow  volumes. 
This  approach  is  still  in  the  investigative  phases. 


8.  ENVIRONMENTAL  BIOLOGY 

the  Tennessee  River  during  the  summer  months  becomes  overgrown 
with  watermilfoil . In  an  effort  to  monitor  and  control  this  problem,  the 
branch  provides  normal  color  aerial  photography  flown  at  conventional 
altitudes  covering  the  more  vulnerable  sites. 

Because  of  the  concern  over  SO2  emissions  from  steam  plant  combustion,  an 
environmental  biologist  on  TVA* s staff  is  attempting  to  correlate  SO,  emissions 
with  crop  stress  through  airborne  multispectral  scanners  and  conventional  pho- 
tography. This  is  a cooperative  investigation  with  the  Environmental  Protection 
Agency. 


9.  INTERDISCIPLINARY  OPERATIONS 

The  programs  listed  to  this  point  have  all  required  some  interdisciplinary 
cooperation,  but  the  driving  force  can  usually  be  identified  with  one  branch. 

In  addition  to  these,  however,  TVA  has  a number  of  other  programs  which  are 
directed  at  an  interdisciplinary  approach  to  problem  solving  and  use  remote 
sensing  as  one  of  the  unifying  levers.  These  efforts  incorporate  programs 
already  mentioned  and  some  will  be  examined  in  the  following  discourse. 

In  the  power  facilities  siting  process  it  is  necessary  to  both  identify 
sites  and  evaluate  their  potential  environmental  impact.  Aerial  photography 
is  used  for  illustrations  in  all  environmental  impact  statements.  All  nuclear 
projects  require  a regional  land-use  product  which  is  commonly  derived  from 
high-altitude  aerial  photography. 

As  was  discussed  earlier,  land  classification  by  TVA  is  not  new.  In  the 
early  1930 ’s  mosaics  created  from  the  photography  of  the  five-lens  camera  were 
used  to  aid  in  the  delineation  of  the  land  categories.  More  recent  efforts 
make  use  of  much  more  sophisticated  hardware  and  methods. 

TVA's  Regional  Planning  Staff  compiles  subregional  planning  and  develop- 
ment overviews  in  cooperation  with  appropriate  State  and  multi-county  regional 
planning  staffs  for  the  Tennessee  Valley.  Information  related  to  the  physical 
and  functional  characteristics  of  the  land,  including  present  and  projected 
distribution  of  uses,  is  assembled  on  base  maps  on  a scale  of  1:125,000.  The 
use  of  conventional,  high  altitude,  and  in  some  cases  satellite  imagery'are 
key  ingredients  to  the  compilation  of  the  subregional  overview.  Findings  are 
being  reviewed  with  appropriate  State  and  district  planning  staffs  in  an 
effort  to  establish  a common  frcunework  for  coordinating  planning  and 
development. 

TVA’s  long  and  successful  history  of  effective,  integrated  resource 
development  has  been  due,  in  part,  to  the  ability  of  the  agency  to  acquire 
adequate  information  upon  which  to  base  decisions.  Over  a period  of  40  years. 
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vast  quantities  of  potentially  valuable  information  pertaining  to  the  Valley 
resources  have  accumulated.  Some  of  these  data  have  been  captured  in  the 
geographic  data  bases  of  TVA's  mapping  program.  Some  have  been  carefully 
filed  by  the  creators  or  primary  users  in  diverse  systems  and  locations 
throughout  the  organization,  and  some  exist  solely  in  the  minds  of  the 
agency's  parsonnel.. 

Meanwhile,  the  demand  for  information  has  sharply  risen.  Increased  demand 
may  be  attribv.ted,  at  least  in  part,  to  comprehensive  energy  planning  and 
emphasis  on  the  nuclear  program.  The  situation  is,  however,  aggrevated  by 
Federal  and  State  regulatory  agencies,  government  planning  groups,  and  citizen 
involvement  organizations  whose  voracious  appetites  for  environmental  data  have 
caused  an  enormous  increase  in  both  the  volume  and  diversity  of  TVA's  resource 
data.  Major  technical  problems  in  data  storage,  maintenance,  and  retrieval 
have  ensued. 

It  is  important  for  TVA  to  maintain  its  historic  ability  to  respond 
rapidly  and  effectively  with  resource  data  at  levels  of  detail,  accuracy, 
and  timeliness  which  are  appropriate  to  increasingly  complex  inquiries  and 
requests.  This  will  require  accelerated  efforts  to  develop  and  implement  a 
system  for  managing  data  on  the  basis  of  geographical  area  covered,  subject, 
and  level  of  detail. 

The  concept  of  a tool  for  storing  geographically  located  data  and  effec- 
tively drawing  from  it  is  not  new  to  the  Nation  or  to  TVA.  TVA's  unique 
charge  (i.e.,  responsibility  for  a contiguous  region  of  manageable  size)  and 
afforded  the  agency  opportunities  to  pioneer  in  this  area. 

Other  Federal  agencies,  hampered  with  responsibilities  for  the  entire 
United  States  without  any  real  operational  base,  have  encouraged  and  even 
financially  supported  TVA's  activities.  As  a result  of  early  agency  efforts, 
the  feasibility  of  using  such  tools  in  a number  of  diverse  projects  and 
situations  has  been  successfully  demonstrated.  Recently,  all  the  divisions 
within  TVA  have  committed  themselves,  in  terms  of  time  and  personnel,  to 
planning  for  comprehensive  development  of  a more  widely  accessible  TVA-wide 
service. 

The  successful  design  and  implementation  of  the  regional  resources 
information  tool  requires  understanding,  not  only  of  regional  data  collection, 
analysis,  and  processing,  but  also  of  locational  mapping  as  a base  for  land- 
related  data  and  the  systematic  aspects  of  handling  and  using  large  geographic 
data  files.  TVA,  perhaps  more  than  any  other  agency,  has  this  expertise. 


1 f TVA  is  an  ideal  agency  to  demonstrate  the  utility  and  savings  of  shared 

j data  bases.  It  is  a major  data  user,  has  the  mandate  to  demonstrate  new 

S approaches  to  old  problems,  and  it  hac  long  experience  with  data  bases  used 

1 in  a wide  variety  of  resource  planning  activities.  Furthermore,  TVA's  unique 

5 regional  status  affords  the  opportunity  to  develop  and  demonstrate,  at  less 

W than  a national  scale,  how  geographically  located  information  can  be  obtained, 

I-  analyzed,  and  used  in  complex  planning  activities  related  to  the  Nation's 

Si  energy  problems. 

? Remotely  sensed  data  will  obviously  not  be  the  "prime-mover"  in  the 

^ creation  of  this  Regional  Resources  Information  Study  (RRIS) , but  it  will 

f represent  a key  ingredient  in  the  formative  stages  as  well  as  in  the  update 

' of  appropriate  data. 

I 

t r The  Mapping  Services  Branch  has  been  collecting  and  documenting  resource 

) r data  since  TVA's  formation  and  anticipates  that  it  will  continue  to  play  such 

1-  a role. 

f 
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10.  CLOSURE 


It  would  be  presumptious  to  assume  that  the  foregoing  discussion  has 
covered  all  of  T/A's  efforts  toward  using  remote  sensing.  Because  remote 
sensing  is,  in  many  cases,  a relatively  recent  arrival  on  the  science  scene, 
its  complete  acceptance  is  somewhat  hesitant.  This  is  healthy,  however, 
because  an  operational  organization  must  analyze  and  reanalyze  all  programs 
from  a cost-effective  vantage  point;  It  is  in  this  light  that  raw  research 
is  weeded  from  a useful  science.  The  hesitancy,  hovrever,  is  diminishing  as 
more  and  more  cost-effective  examples  of  the  use  of  remote  sensing  take  form. 


General  questions  on  this  article  and  TVA  programs  mentioned  may  be 
addressed  to: 


Mapping  Services  Branch  Chief 
200  Haney  building 
Tennessee  Valley  Authority 
615-755-2133 
FTS:  854-2133 


Specific  questions  relating  to  the  EROS  Browse  File,  image  acquisition, 
stereo  compilation,  etc.,  may  be  addressed  as  above  or  reached  at  615-755-2148 
(FTS:  854-2148). 
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CORPS  OF  ENGINEERS  APPLICATIONS  FOR  REMOTE  SENSING  OF  THE  ENVIRONMENT 

COL  Maurice  K.  Kurtz,  Jr. 

U.S.  Army  Engineer  Topographic  Laboratories 
Fort  Belvoir,  Virginia  22060 

John  M.  Jarman 
Office,  Chief  of  Engineers 
Washington,  D.C.  20314 

ABSTRACT 

An  objective  overview  is  presented  of  the  application  of  remote  sensing  technology  in 
the  Corps  of  Engineers.  Examples  are  given  of  attempts  to  use  the  current  state-of-the-art 
to  achieve  particular  disciplinary  or  mission-oriented  goals.  The  Corps,  presently  engaged 
in  both  research  and  development  and  technology  transfer,  has  encountered  some  interesting 
situations.  Practical  operational  utilization  depends  not  only  on  technology,  but  also 
economic  benefit/cost  factors  and  some  unprecedented  legal,  political,  and  social  issues.  Yet, 
at  a time  when  increased  agency  commitment  to  operational  usage  is  being  sought,  an  assess- 
ment of  the  state-of-the-art  reveals  that  sensor  technology,  data  processing  and  analysis,  and 
models  still  require  further  development.  There  is  a challenge  in  synchronizing  technology 
push  with  the  demand  pull  of  dimly  perceived  user  needs.  They  should  complement  each  other 
rather  than  oppose.  The  goal  is  to  use  the  combined  push-pull  effect  to  lead  to  increased 
productivity  and  responsiveness  by  the  Corps. 

INTRODUCTION 


The  purpose  of  this  paper  is  to  present  an  objective  overview  of  the  transfer  and  appli- 
cation of  remote  sensing  technology  in  the  Corps  of  Engineers.  The  Corps  is  actively  involved 
in  transferring  remote  sensing  technology  from  the  laboratories  to  our  operating  districts. 

The  districts  throughout  the  United  States  are  now  applying  techniques  previously  demonstrated 
with  laboratory  participation  and  funding  support  from  the  National  Aeronautics  and  Space 
Administration  (NASA)  and  the  Office  Chief  of  Engineers  (OCE).  The  districts  are  now  also 
developing  new  applications  in  a variety  of  mission  areas,  some  of  which  are  described  later. 

In  the  Corps,  practical  operational  use  of  remote  sensing  depends  not  only  on  what  is 
technically  possible  and  operationally  feasible,  but  also  upon  the  total  economic  benefit/cost 
factors  and  some  unprecedented  legal,  political,  and  social  issues.  The  latter  are  Increasing 
in  complexity  as  the  Corps  is  assigned  increasing  responsibilities  in  regulatory  areas. 

To  make  best  use  of  certain  state-of-the-art  technology,  the  Corps  has  identified  certain 
additional  developmental  needs  at  the  end  of  the  paper.  The  scope  of  the  paper  is 
mostly  concerned  with  six  areas  of  application  with  examples.  The  areas  include  hazards 
assessment  and  project  planning,  flood  plain  analysis,  coastal  protection,  dam  safety,  opera- 
tions and  maintenance  of  completed  projects,  and  the  regulatory  program.  The  applications 
have  come  about  through  intensive  applications  of  some  elements  of  the  process  of  technology 
transfer.  Thus,  this  process  will  be  described  first  so  that  one  can  better  appreciate  why 
we  are  where  we  are  today. 

USE  OF  TECHNOLOGY  TRANSFER  TO  DEVELOP  APPLICATIONS 

The  Corps  of  Engineers  has  many  difficult  tasks  that  require  application  of  improved 
technology  if  we  can  benefit  from  it,  and  afford  it.  For  many  years  photography  has  been  a 
standard  tool  used  by  engineers  involved  in  planning  construction  projects.  More  recently 
engineers  have  begun  to  apply,  as  a policy,  multidisciplinary  analysis  to  photo-interpreta- 
tion to  gain  further  synergistic  advantages  and  cost  savings.  Generally,  the  contribution  of 
an  interdisciplinary  group  has  been  greater  than  the  sum  of  the  efforts  of  the  individuals 
had  they  worked  alone. 


1 Jntertiscipl inary  analysis  is  a labor  Intensive  effort  which  has  value,  but  it  also  takes 
va  uable  time  from  people  with  other  duties.  It  even  may  be  disruptive  because  it  is  diffi- 
cult  to  ass^le  and  operate  teams  whose  members  have  concurrent  demands  on  their  time  Thus 
the  Corps  of  Ei^in^rs  has  taken  interest  when  R»D  agencies  began  to  develop  means  that  coul^ 

oranhs'^  The^tprhn^i*  total  amount  of  time  needed  to  extract  useful  information  from  photo- 
graphs. The  technology  might  include  automated  assists  in  classification  rh;inna 

^e^en^L^Lri"^?^"®  f P>'°t‘>9raphs  which  required  exliIinaJion:  In  addition 

recent  advances  in  multi-spectral  and  multi- temporal  coverage  offered  promise  when  our  enoi- 

the  Public  interest  to  asses^^hr 

consequences  of  man  s changing  of  the  environment. 


samp  Engineers  must  now  learn  how  best  to  exploit  the  newer  technology  and  at  the 

r r scope  of  interest.  In  brief,  we  must  find  a way  to  use  the  process  of 

t^hnolo  transfer  to  develop  useful  applications  of  advanced  technology  that  will  either 
tr^this^rLn*^*  time  or  provide  increased  benefit  from  the  efforts  we  can  apply.  Adding 

to  this  challenge  is  the  fact  that  most  of  our  work  is  done  by  contract.  Thus,  the  process 

place  the  technology  in  the  hands  of  A-E  firms  and  the  construc- 
Jnni  J contractors  have  the  motivation  needed  to  use  the  new 

I.  ""  " ““  "» «' 

Corps,  and  others  outside  the  Corps  on  whom  we  depend,  learn  the  techniques  of  mu?tidisclDl 1- 

^"»'°cmation  about  the  environment.  The  s?uden?s  get  hands-Sn 
Mn!  together  as  a team  to  produce  useful  studies  on  actual  projects.  Today 

many  of  the  graduates  are  actively  involved  in  making  practical  use  of  remote  sensinq  of  the 
environment.  Hwever,  their  continuing  involvement  is  due  more  to  management  interest  than 
to  traininQf  albeit  tra1n1n9  has  been  absolutely  necessary. 

™nagement  interest  we  had  to  go  back  to  basics  and  study  the  process  of 
^ looking  for  a solution.  There  must  be^interest  on 
is  mStPpffp^Hwp®'"^"  with  the  probleSnW  trying  a new  solution.  Multidiscipl ina?7 training 
IS  most  effective  when  applied  to  generate  interest  and  provide  hands-on  experience  workina  ^ 
with  new  tools  in  the  solution  of  a problem.  Often  overlooked  by  technologists  is  the  fact 
*^^1**^  chance  of  adoption  without  strong  management^ action  to  generate 

dSiMtioris^pUn®npp!lll*'?  " Eimissioj.  for  the  workers  to  innovate.  ManagLent 

^ provide  resources  because  the  introduction  of  new  procedures  may 
kinrt^if  expenditures  initially.  Finally,  there  must  be  incentive.  so^Ie 

encouragrit!^'^^*^  reward,  for  those  persons  who  initiate  change,  and  those  managers  who 

bP  nrpspnru°??’ij?  technology  transfer  have  shown  that  all  elements  of  the  process  must 
"rh?  y occur  at  a given  point  in  time.  This  may  create  the  appearance  of  a 

egg  prob  em,“  expounded  with  possible  inertia  or  resistance  to  change  in  a 
t^  5roc«r  engineering  environment.  In  the  Corps  we  took  four  specific  actions  to  start 

fn  Engineers  to  identify  the  promise  of  remote  sensinq 

^rklr  Th!  Interest  down  the  management  chain  to  the 

^ applauded  the  initiative  of  one  of  his  division  engineers  for  making  practi- 
cal use  of  remote  sensing.  This  introduced  something  akin  to  peer  pressure  as  other  division 


- more  complete  consideration  of  alternatives  at  early  stages  of  plan  formulation. 

- increased  coordination  over  intervals  of  time. 

- more  complete  assessment  of  existing  conditions. 

- quicker  and  less  costly  data  collection. 

- more  effective  presentation  of  the  Corps'  decisions  at  public  hearings. 
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Second,  to  help  overcome  any  perceived  inertia  the  Chief  tasked  his  own  staff  to  develop 
a plan  for  increasing  the  operational  use  of  remote  sensing  and  applying  the  traditional 
multidisciplinary  analysis  procedures  of  the  Corps  to  photo-interpretation.  This  planning 
institutionalized  certain  longer  term  considerations  and  encouraged  initiatives  that  might: 

- show  which  kind  of  projects  can  benefit  most. 

identify  the  stage  of  planning  and/or  design  at  which  the  greatest  benefit  accrues. 

identify  the  source  of  personnel  for  analysis  teams  and  contractors  for  additional 
support. 

show  which  elements  of  analysis  are  amenable  to  contracting. 

Third,  the  Director  of  Civil  Works  in  OCE  authorized  the  use  of  demonstrations,  funded 
y the  recipients  of  the  technology,  to  facilitate  operational  use  of  remote  sensing  and  inter- 
isciplinary  analysis  in  the  Corps.  This,  in  essence,  identified  the  resources  and  granted 
the  two  of  the  elements  needed  in  the  process.  Three  major  demonstrations  have 

been  held  to  date  with  division  funding.  This  is  in  addition  to  continuing  Applications 
Systems  Verification  and  Transfer  (ASVT)  efforts  funded  by  NASA  and  OCE  and  others  due  to 
laboratory  initiatives.  The  objectives  of  the  Corps'  demonstrations  were  to: 

- dOTonstrate  and  document  the  application  of  multidisciplinary  image  analysis  to  plan- 
ning and  development  of  Civil  Works  projects  at  division  and  district  level. 

- provide  continued  training  in  the  methods  used. 

initiated  publication  of  TECH-TRAN,  an  information  exchange  bulletin  which 
was  written  for  the  managers  of  the  process.  This  bulletin  describes  details  of  the  process, 

solutions  to  problems  previously  identified  within  the  Corps,  and 
publicizes  the  people  in  the  field  who  have  decided  to  be  pioneers.  It  also 

''  opinion  leaders  and  the  Chief's  policy  statements.  In  other 

words,  TECH-TRAN  is  a means  of  conmunication  which  stresses  the  need  for  all  elements  of  the 
process  to  be  moving  at  the  same  time.  This  makes  the  question  of  "chicken  or  egg"  almost 

transfer  is  awareness  of  the  process  at  all  levels,  but  the  lock 
IS  characterized  by  the  field  agency  (district)  which  has  tight  control  over  its  operating 
mission.  Thus,  we  should  consider  who  it  is  that  turns  the  key.  starts  the  process,  and  keeps 
the  momentum.  This  person  is  the  "linker."  ^ 

„ f 1s  the  person  we  seek,  preferably  from  within  the  user  organization  who  can 

get  things  done.  The  linker  is  a valuable  person.  We  try  to  get  him  Identified  early  in  a 

training  to  set  the  examples  and  be  a champion  for  remote  sensing. 
He  also  serves  the  role  of  guide.  Those  people,  particularly  in  the  laboratories  and  industry, 
who  may  tend  to  push  solutions  find  that  the  linker  can  help  them  align  their  efforts  and 
identify  the  real  problems.  The  linker  aligns  technology  push.  The  linker  also  helps  to 

attempting  to  try  to  apply  new  techniques.  His  leadership  transforms 
a demand  into  an  effective  pull  on  technology.  The  linker  should  not  be  hesitant  to  get  in- 

example.  This  helps  the  district  align  the  direction  in  which  it 
pulls  to  get  the  new  technology. 

In  brief,  the  Corps'  linkers  are  helping  to  overcome  the  inertia  associated  with  the 
transf®r  of  r^te  sensing  technology  by  aligning  both  push/pull  forces  so  that  they  work 
together  and  by  opening  the  door  to  new  and  better  ways  to  do  our  job. 

AREAS  OF  APPLICATION 

This  section  descrioes  the  kinds  of  projects  amenable  to  use  of  multidisciplinary  analysis 
of  remote  sensing  imagery,  identifies  applications  during  various  staaes  of  a project  and 
presents  examples  in  six  mission-related  areas  of  application  within  the  Corps  of  Engineers. 


I 


Types  of  Projects  Which  Can  Benefit 


The  following  assessment  Is  based  on  experience  gained  from  a series  of  demonstrations 
in  which  the  Corps  attempted  to  use  techniques  for  remote  sensing  of  the  environment  at  various 
stages  in  actual  projects. 

Generally  it  was  found  that  multidisciplinary  photo  analysis  methods  are  well  adapted  to 
meeting  the  requirements  of  the  National  Environmental  Policy  Act.  In  water  resource  develop- 
ment, knowledge  of  the  environment  and  its  sensitivities  is  of  paramount  importance  in 
developing  solutions  and  alternatives.  Applicable  Corps  of  Engineers  projects  include  dams 
and  reservoirs,  development  of  a national  recreation  area,  wildlife  mitigation,  disposal  of 
dredge  spoil,  location  of  a major  canal,  stream  bank  erosion,  acid  mine  drainage  abatement, 
and  damage  assessment  or  monitoring  operations.  All  projects  require  an  assessment  of  their 
environmental  impact  in  the  local  area. 

Multidisciplinary  photo  analysis  allows  us  to  make  a rapid  analysis  of  a large  area  in  a 
very  short  period  of  time  and  at  low  cost.  This  provides  a basis  for  an  initial  determination 
and  assessment  of  such  important  items  as  environmental  complexity  and  sensitivities,  potential 
engineering  problems  and  degree  of  feasibility  for  project  development.  It  helps  to  better 
understand  and  evaluate  projects  and  potential  problem  areas  in  the  earliest  possible  stages 
of  development,  often  before  the  point  of  serious  public  debate.  We  can  develop  alternatives 
based  upon  careful  consideration  of  tne  interplay  between  existing  environmental  characteris- 
tics, project  requirements,  projected  environmental  impact  and  national  policy. 

Remote  sensing,  combined  with  multidisciplinary  analysis,  is  a powerful  tool  for  locating 
existing  hazardous  and  potentially  dangerous  geo-technical  problems  which  may  greatly  affect 
project  location,  cost, or  even  feasibility.  For  example,  while  it  is  not  possible  to  predict 
such  major  catastrophic  events  such  as  earthquakes,  land  slides,  avalanches, or  floods  based 
upon  photo  methods,  it  is  possible  to  determine  their  effects.  Careful  examination  of  histor- 
ical photos  (often  extending  back  40  years)  makes  it  possible  to  trace  and  evaluate  significant 
changes  that  have  occurred  or  resulted  from  geo-technical  events.  Striking  examples  are 
lineament  analysis,  sudden  breaks  in  topographic  continuity,  evidences  of  slope  instability, 
changes  in  river/flood  plain  characteristics,  evidences  of  changes  in  ecosystem  dynamics,  and 
evidences  that  suggest  long  range  weather  cycle  changes  that  may  be  portrayed  in  vegetation 
and  erosion  features. 

Kinds  of  projects  not  suited  to  effective  application  of  multidisciplinary  photo  analysis 
procedures  include  those  depending  primarily  upon  mensuration  - obtaining  and  utilizing 
quantitative  data.  Examples  include  demographic  studies,  water  quality  and  quantity,  topo- 
graphic mapping,  mass  diagrams  for  earthwork  computations,  volumetric  data  in  timber  and  other 
resources  surveys  and  in  those  studies  in  which  physical  measurements  or  test  results  are  of 
paramount  importance  (durability  of  aggregates,  grain-size  distribution,  porosity,  etc.) 

In  such  instances,  the  use  of  airphotos  merely  becomes  a guide,  suggesting  where  to  obtain 
samples  or  where  to  expect  changes  in  properties.  Other  techniques,  such  as  photogrammetry 
and  laboratory  testing  of  field  samples  must  be  used  to  obtain  the  needed  data.  However, 
new  computer  assisted  generalized  pattern  analysis  technology  offers  promise  in  defining  new 
computer  modeling  studies  with  both  qualitative  and  quantitative  input. 

Application  During  Various  Stages  of  a Project 

Multidisciplinary  photo  analysis  techniques  can  provide  Information  about  the  environment 
useful  to  varying  degrees  throughout  the  entire  planning,  developmental  and  operational  cycle 
of  a Civil  Works  project.  However,  we  believe  that  the  techniques  should  be  employed  at  the 
earliest  possible  stages  in  the  planning  process  if  one  is  to  enjoy  the  greatest  benefits. 

The  chief  importance  of  early  involvement  lies  in  the  ability  to  "scope”  a project  early. 
This  leads  to  developing  a better  plan  in  terms  of  funds,  manpower,  and  time.  Early  analysis 
provides  a basis  for  developing  and  examining  different  solutions  and  alternatives  as  may  be 
necessary  due  to  changes  in  public  opinion.  Early  involvement  provides  a basis  for  quick 
reaction  or  quick  response  to  changing  conditions.  One  may  re-examine  pertinent  parts  of  the 
analysis  to  effect  orderly  and  efficient  change  in  project  direction.  This  can  be  done  with 
ease  if  the  detailed  environmental  analysis  has  been  prepared  early  during  the  planning  process. 
The  knowledge  gained  is  useful  during  the  further  stages  of  project  development. 


The  methods  have  further  use  during  engineering  design.  In  those  instances  where  de- 
tailed environmental  information  has  been  prepared  (land  forms,  soils,  rocks,  vegetation, 
drainage,  land  use,  etc.)  the  maps  showing  distribution  of  environmental  characteristics 
become  the  basis  for  planning  field  sample  collection.  ^'Jch  can  be  done  to  locate  and  evaluate 
construction  materials  to  locate  haul  roads  and  locate  drilling  activities  in  support  of 
foundation  design. 

As  a project  moves  into  the  construction  phase,  remote  sensing  can  play  an  important  part. 
For  example,  a pre-construction  photographic  record  showing  non-profit  related  conditions 
(vegetation,  land  use,  erosion,  habitation,  etc.)  provides  a very  important  record  should  liti- 
gation occur  over  some  stressed  condition.  During  construction,  periodic  photo  coverage  pro- 
vides an  important  means  of  determining  and  evaluating  construction  progress  and  a basis  for 
detecting  unforeseen  stressed  conditions  that  may  or  may  not  be  project  related.  Upon  com- 
pletion, photography  should  once  again  be  obtained  to  provide  a record  of  "as  built"  conditions. 

Upon  completion  of  construction  and  during  project  operation,  periodic  coverage  (at  least 
annually)  should  be  obtained  of  the  project  area  for  purposes  of  detecting  and  evaluating  any 
environmental  sensitivities  not  previously  noted  or  anticipated.  This  collection  of  periodic 
coverage  - pre-,  during  and  post-construction  becomes  a valuable  record  should  litigation  occur. 

Hazards  Assessment  and  Project  Planning 

General  - The  process  used  by  the  Corps  in  planning  a construction  project  typically 
involves: 

- collection  and  Interpretation  of  historical  photography  which  allows  one  to  study  the 
evolution  of  natural  changes  as  well  as  man's. 

- extraction  of  environmental  data  from  photography  and  assembly  of  overlays  for  each 
environmental  factor  of  concern. 

- team  selection  of  sites  for  field  verification  to  gather  ground  truth. 

- field  work  and  Intensive  interdisciplinary  discussion. 

- production  of  a technical  report. 

Installation  Planning  - Many  government  facilities  occupy  large  tracts  of  land  having  a 
wide  variety  of  environmental  conditions.  By  Executive  Order  No.  11752  usage  of  these  lands 
must  comply  with  environmental  quality  standards.  Such  compliance  requires  planning  and  the 
ability  to  rapidly  collect  large  amounts  of  environmental  data.  At  one  installation, 
training  disturbed  surface  vegetation  to  various  degrees,  creating  dust  and  erosion  problems. 

We  used  remote  sensing  to  learn  the  status  of  the  environment  in  the  training  areas  so  we 
could  keep  these  problems  from  getting  out  of  hand.  The  imagery  collected  and  special  analyti- 
cal procedures  were  used  to  produce  a map  showing  levels  of  vehicle  usage.  Maps  provide 
Information  for  planning  future  training  exercises  so  as  to  prevent  overuse  of  portions  of  the 
training  areas.  Information  on  vehicle  usage  has  not  been  available  previously  because  of  the 
prohibitive  time  and  manpower  required  to  obtain  these  data  by  conventional  procedures. 

Geological  and  Soils  Investigation  - In  order  to  plan  the  location  of  a large  dam  we  have 
to  consider  both  soil  characteristics  and  the  geological  structure.  Linear  features,  which 
require  special  attention,  are  conveniently  analyzed  using  side  looking  airborne  radar  (SLAR) 
and  aerial  photographs  prior  to  on  site  Investigation.  To  date  we  have  made  greatest  use  of 
SLAR  in  the  Upper  Missouri  Basin  in  the  Northwest.  Here  we  have  used  radar  for  soils  investi- 
S gation.  Elsewhere  we  have  also  been  using  SLAR  to  analyze  large  areas  for  seismic  hazards. 

' I This  helps  to  locate  structures  better  to  reduce  possible  damage  from  earthquakes,  and  to 

’I  determine  which  design  criteria  to  use.  For  the  Tennessee  Tombigbee  Waterway  we  used  high- 

altitude  aircraft  photography  for  environmental  studies  and  in  our  geological  investigations 
^ to  locate  construction  materials. 

r Flood  Plain  Analysis 

* We  use  a variety  of  imagery  for  our  flood  plain  analyses.  Again,  SLAR  is  particularly 

' useful  because  it  works  in  cloudy  weather  which  we  often  have  when  we  are  fighting  floods  in 

1 places  like  St.  Louis.  We  can  use  remote  sensing  to  plot  inundation  damage  soon  after  it 

occurs  and  relate  it  to  channel  profiles  and  our  hydrologic  models. 
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Coastal  Protection 


We  have  found  that  multi -temporal  imagery  is  especially  useful  in  places  like  Cape  C^ 
for  asLs^na  shoreline  changes.  We  need  to  do  this  to  plan  corrective  measures,  beach  fill. 
Jeach  control  structures!  and  entrance  structures  and  for  locating  disposa  areas  for  dredged 
materials  The  multi- temporal  coverage  also  allows  us  to  record  historical  changes  and  pro 
:?5r!rlut  Jo  LrlrediaiSn  models.  Vr  Los  Angeles  District  has  used  aeria  photography  to 
evaluate  the  wave  climate  in  channel  entrances.  Elsewhere  we  have  also  used  land-based 
Imaging  radar  in  a research  mode  to  improve  our  data  collection  capability.  Hopefully  this 
leads  into  use  of  SEASAT  radar. 

In  the  area  of  international  cooperation  we  have  been  using  fISS  data  to 
navigation  such  as  unknown  islands,  submerged  reefs,  and  locating  poorly 
Qfurfipd  the  Mii  Islands  with  MSS  data  from  LANDSAT  and  formed  a color  composite.  The  red 

islands  that  arr/ar  enough  out  of  the  water  to  support  vegetation  wel  . We  gave 
this  information  to  the  Hydrographer  of  the  Navy  in  England.  The  following  is  a statement 
extracted  from  a letter  we  received. 

"Indications  are  that  many  coral  atolls  are  out  of  relationship  with  neighboring  atolU 

and  illandl  Largest  discrepancy  found  to  date  is  an  atoll  2 miles  out  of  its  charted 

position." 

Our  Seattle  District  has  used  some  of  our  newer  techniques  in  a research  mode  supported  by  our 
?old  regions  Research  and  Engineer  Laboratory  in  a study  of  Cook  l^et  A aska  Such  studies 
will  have  increasing  importance  as  public  concern  increases  over  navigation  and  safety  of 
large  super  tankers. 

Dam  Safety 

As  oart  of  the  National  Program  to  gather  information  on  dams,  the  Corps  has  used  LANDSAT 
imaoerv  in  the  Missouri  River  area  to  pinpoint  locations  of  water  bodies  above  a certain  size. 
Initially  we  used  manual  techniques  but  subsequently  used  digital  techniques 
Waterwavs  Exoeriment  Station  or  from  NASA.  The  digital  studies  were  never  funded  to  continue. 
However  a resumption  of  the  dam  inventory  work  is  now  under  consideration  by  Congress.  The 
Corps  is  on  record  that  LANDSAT  will  be  used  as  an  operational  tool  to  update  the  inventory 
the  program  Is  funded. 

Operations  and  Maintenance 

Keeping  our  completed  waterways  navigable  and  predicting  runoff  are  continuing  problws. 
These  are  areas  wh^  our  models  have  not  caught  up  to  the  data  available.  Therefore,  our 
districts  are  working  in  an  experimental  mode  with  our  labs  and  the  Hydrologic  Engineering 
Center  (HEC). 

Our  Waterways  Experiment  Station  is  attempting  to  classify  types  of  aquatic  Plants  using 
remote  sensing.  ^If  we  can  do  this,  then  the  district  can  better  specify  a treatment  to  con- 
trol the  plants. 

We  are  also  aware  that  infrared  (IR)  imagery  can  show  heat  loss.  In  The  Corps  we  have 
applied  this  fact  to  locate  leaky  roofs  in  need  of  repair.  Moisture  getting  into  a roof 
changes  the  heat  conductivity  of  the  insulation.  The  change  shows  up  in  IR. 

In  the  dredging  area  we  are  using  machined  processed  LANDSAT  data  to  locate  suspended 
materials  in  a tributary  that  will  be  deposited  eventually  in  a navigation  channel. 

In  the  area  of  runoff  estimation  we  are  using  remote  sensing  to  classify  impermeable 
surfaces  in  land-use  mapping.  The  data  goes  into  a HEC  runoff  model. 

The  Corps  and  NASA  are  cooperating  in  an  ASVT  to  develop  automated  input  for  hydrolo^c 
models  using  LANDSAT  data.  We  have  tested  some  small  river  basins  in 

vised  classification  and  are  now  testing  in  the  Oconee  River  Basin  in  teorgia.  We  will  aUo 
investigate  the  feasibility  of  using  unsupervised  routines.  However,  the  gross  output  from 
LANDSAT  is  still  niore  than  we  can  use  in  our  hydrologic  models. 

For  land-use  mapping  there  is  still  overall  preference  for  aircraft  Photography  in 
developed  areas.  The  NASA  RB-57  imagery  has  allowed  us  to  map  in  better  detail  than  Skylab 
imagery  which  is  still  preferred  over  LANDSAT  data. 
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Regulatory  Operations 

The  Corps  of  Engineers  maintains  navigable  waterways  which  are  defined  as: 

"Navioable  waters  of  the  United’ States  are  those  waters  which  are  presently,  or  ^^ve  been 
in  the  past,  or  may  be  in  the  future  susceptible  for  uses  for  purposes  of  interstate  o 

foreign  commerce." 

This  function  requires  the  Issuance  of  permits  according  to  the  following  policy. 

••ThA  dpHsion  whether  to  issue  a permit  will  be  based  on  an  evaluation  of  the  probable 

«“»n,  S»  the  p.blt;  interest  «o  per,H  will  be  , rented 

unless  its  issuance  is  found  to  be  in  the  public  interest. 

“!;;?tl"te“Sie-2n  SSl.”5rSe«:.',T:;p.  » ;Sr?;nei"rn;r;j:^ttlbn  tecbn„eet 
through  digital  processing. 

NEEDS  FOR  FURTHER  DEVELOPMENT 

There  are  three  major  areas  requiring  continued  investigation  and  intensive  research  and 
development  to  meet  Corps'  needs  for  remote  sensing  of  the  environment. 


existf^iTSfilrS 

advanced  remote  sensing  technology. 

Data  Processinq  - The  use  of  more  advanced  technology  for  remote  sensing  of  the  environ- 
ment ?eSuiJes  the -alvei  opment  of  increased  automation  ifwiil  be  Soved. 

n»nltorlb9  or  with  hl9b«r  rosblution  systoji  enbsn«”ntrlbl  11  ty 

system  gives  the  human  Interpreter  a computer  assist  that  significantly  enhances  nis  y 

to  analyze  an  image. 

For  many  types  of  analysis  a digital  system  may  not  be  needed.  _ .. 

disaster  recovery  operations,  but  much  remains  to  be  done. 

Models  - To  date  exploitation  of  remote  sensing  Imagery  is  inhibited  by  the 

affect  the  digital  architecture  of  interactive  systems. 

CDiiCLUSlON 

This  overview  sumnarizes  some  of  the  more  important  observations  made  within  the  Corps  of 

Sr^rinrrl^stnS^rt-rt^rSrel^d  rSc^hSi"eI  mlsr^e^-f^i^Sri^vi^ 

understand. 
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ABSTRACT 

Global  maps  of  temperature  profiles  0-20  km 
and  of  total  water  vapor  and  liquid  water  over 
ocean  have  been  obtained  from  satellite-borne 
microwave  spectrometers.  Future  satellites  should 
extend  the  altitude  range  above  100  km  and  permit 
monitoring  of  HjO,  Oj,  CO,  NjO,  and  other  trace 

constituents.  Operational  microwave  temperature- 
sounding spectrometers  are  scheduled  for  launch  on 
both  military  and  civ,  . U.S.  satellites,  and 
future  improvements  can  be  expected. 


1.  INTRODUCTION 

Passive  microwave  sensing  techniques  are  employed  in  geophysics,  radio- 
astronomy,  biomedical  and  other  areas.  The  special  value  of  these  techniques 
results  primarily  from  the  facts  that  1)  microwave  receivers  can  sense  thermal 

_2 

radiation  with  l-second  sensitivities  as  high  as  10  “K,  2)  microwave  radia- 

tion penetrates  most  matter  much  more  readily  than  does  infrared  radiation, 
which  is  the  usual  alternative  technology,  and  3)  many  gases  have  microwave 
resonances  which  can  readily  be  resolved,  and  which  permit  observation  even  in 
some  cases  where  other  spectral  regions  are  inadequate.  Geophysical  applica- 
tions have  been  reviewed  by  Staelin  (ref.  1),  Tomiyasu  (ref.  2),  Waters  (ref.  3), 
and  others. 

The  dominant  microwave  absorbers  in  the  atmosphere  are  H-0,  0, , clouds,  and 
precipitation.  Figure  1,  prepared  by  P.  W.  Rosenkranz,  illustrates  the  typical 
opacity  of  the  terrestrial  atmosphere  due  to  water  vapor,  oxygen,  and  clouds. 
Many  typical  trace  constituents  also  have  weak  but  quite  observable  spectra. 

The  microwave  spectral  properties  of  the  atmosphere  have  been  reviewed  by 
Staelin  (ref.  1),  Waters  (ref.  3),  Rosenkranz  (ref.  4),  Liebe  (ref.  5),  and 
others.  With  the  recently  available  sensitive  receivers  in  the  100-300  GHz 
region,  many  additional  microwave  spectral  lines  are  being  detected  in, the 
atmosphere  for  the  first  time,  such  as  those  of  0^  and  CO  near  100-200  GHz. 

2.  SOUNDING  OF  ATMOSPHERIC  TEMPERATURE  PROFILES 


Two  basic  geometries  are  appropriate  for  satellite  sensing  of  atmospheric 
temperature  profiles;  the  "nadir  mode"  wherein  the  satellite  sensor  views  the 
atmosphere  at  any  desired  angle  such  that  the  ray  intercepts  the  terrestrial 
surface,  and  the  "limb-scanning  mode"  for  which  the  ray  does  not  intercept  the 
earth  but  passes  through  the  atmosphere  at  the  limb  of  the  planet;  only  nadir- 
mode microwave  systems  have  been  built  to  date. 


At  present  only  two  satellites  carry  passive  microwave  sounders  for 
temperature  profile  measurement;  Nimbus-5  carries  NEMS,  launched  December  12, 
1972  (ref.  6)  and  Nimbus-6  carries  SCAMS,  launched  June  11,  1975  (ref.  7). 
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They  each  have  two  channels  near  1-cm  wavelength  for  observing  the  surface  and 
atmospheric  water,  and  three  channels  near  0.6-cm  wavelength  which  are  on  the 
opaque  wings  of  the  0.5-cm  oxygen  absorption  complex;  they  measure  thermal 
radiation  originating  from  different  atmospheric  levels  0-18  km.  Improved 
4-channel  and  7-channel  spectrometers  are  to  be  part  of  the  operational  weather 
satellite  system  beginning  in  1978. 

An  important  property  of  microwave  temperature  sounders  is  their  ability 
to  penetrate  all  cirrus  clouds  and  almost  all  non-precipitating  clouds.  A study 
of  the  degradation  of  NEMS  temperature  retrievals  by  clouds  (ref.  8)  shows  that 
only  intense  precipitation  bands,  such  as  the  ITCZ  or  major  extratropical 
storms,  have  any  measurable  effect  on  temperature  retrievals.  This  effect 
arises  from  perturbations  in  the  brightness  temperature  of  -5  to  +2  *K  for 
channels  sensing  3-8  km  altitude.  These  effects  are  normally  negligible  be- 
cause most  heavy  clouds  have  temperatures  close  to  those  of  the  observed  bright- 
ness temperatures,  and  because  most  heavy  clouds  do  not  fill  the  entire  300-km 
viewing  zone  of  NEMS.  Approximately  0.4%  of  NEMS  observations  with  that  channel 
which  sensed  temperatures  near  4-km  altitude  were  perturbed  more  than  1 *K,  and 
these  were  primarily  over  the  inter-tropical  convergence  zone  (ITCZ)  (ref.  8). 

Analyses  of  the  accuracy  of  such  temperature  retrievals  for  NEMS  were  per- 
formed by  Waters  et  al . (ref.  9)  and  Wilcox  and  Sanders  (ref.  10).  Receiver 
noise  for  NEMS  was  “v  0.15  °K  per  sounding.  Calibration  errors  are  believed  to 
be  less  than  2 *K  and  essentially  constant;  therefore  they  contribute  primarily 
to  mean  retrieval  errors  of  ±2  °K,  but  very  little  to  rms  errors  about  the 
mean,  which  range  from  ''<1'’  to  4®.  The  majority  of  the  inferred  retrieval 
errors  are  believed  to  result  from  coarse  weighting  functions  and  radiosonde 
errors . 

The  60-GHz  band  of  oxygen  is  not  the  only  opaque  region  that  can  be  used 
for  temperature  sounding;  the  isolated  118.75  GHz  resonance  of  Oj  is  even  more 

opaque  than  the  60-GHz  complex.  Although  cloud  effects  can  be  perhaps  twice  as 
great  near  118  GHz,  the  effects  are  still  important  primarily  in  the  ITCZ  and 
large  extratropical  storms.  The  weighting  functions  are  slightly  broader  at 
118  GHz  than  near  60  GHz,  and  can  reach  to  altitudes  near  80  km  at  the  very 
center  of  the  resonance. 

Limb-scanning  observations  (ref.  11)  of  the  atmospheric  temperature  pro- 
file require  large  antennas  in  order  to  resolve  the  limb  of  the  planet,  which 
may  be  "v  1000  )un  from  the  satellite.  The  excellent  altitude  resolution  for 
limb-scanning  systems  arises  because  the  majority  of  the  emission  originates 
within  2 )cm  of  the  ray  tangent  height  if  the  atmosphere  is  not  opaque.  If 
the  satellite  is  1000  km  from  the  tangent  point  for  a given  ray,  then  an 
antenna  beamwidth  of  "v  7 arc  minutes  is  required  to  achieve  2-km  vertical 
resolution.  This  requires  an  antenna  “v.  3 m long  in  the  vertical  direction  at 
60  GHz,  or  "x-  1.5  m at  118  GHz.  These  dimensions  are  within  the  capability  of 
the  space  shuttle  and  modern  antennas. 

3.  SOUNDING  OF  ATMOSPHERIC  COMPOSITION 

Figure  1 illustrated  resonances  of  oxygen  and  water  vapor.  Other  important 
molecules  include  0.,  N.O,  and  CO.  The  spectra  of  these  and  other  molecules  was 
recently  reviewed  by  Waters  (ref.  3). 

Such  spectral  lines  can  be  observed  passively  against  three  different  back- 
grounds: 1)  cold  space  reflected  by  the  ocean,  2)  an  opaque  atmosphere  at  a 

different  temperature  that  provides  contrast,  and  3)  cold  space,  as  in  the 
limb-scanning  mode.  Passive  microwave  satellite  measurements  of  atmospheric 
composition  have  been  made  only  of  water  vapor  and  liquid  water  over  ocean;  the 
high  reflectivity  of  ocean  (''<  60  percent)  near  the  1.35-cm  resonance  provides  a 
cold  background  for  thermal  emission  from  both  water  vapor  and  liquid  water 
(ref.  12). 

Atmospheric  water  vapor  near  22  GHz  appears  in  emission  against  the  cold 
ocean  background  with  a line  shape  and  amplitude  that  is  nearly  proportional  to 
the  absorption  coefficient  of  the  atmosphere.  The  HjO  line  width  for  each 


! 
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atmospheric  layer  is  proportional  to  its  pressure,  and  thus  the  total  line  shape 
contains  information  about  the  water  vapor  profile  which  can  be  retrieved. 

Linear  and  quasilinear  techniques  have  been  used  successfully  for  estimating 
^ater  vapor  abundances  and  profiles;  the  problem  is  sufficiently  linear  that 
they  generally  suffice  (refs.  13,  14,  12). 

The  presence  of  clouds  and  precipitation  complicates  water  vapor  retrievals 
only  slightly  because  the  non-resonant  character  of  cloud  absorption  can  be 
distinguished  from  the  resonant  character  of  water  vapor  (see  Fig.  1) , as  noted 
by  Staelin  (ref.  13)  and  others  (refit.  14,  12),  Rosenltranz  et  al.  (ref.  14) 
concluded  theoretically  that  rms  accuracies  of  1.3  mm  precipitable  water  vapor 
and  0.06  mm  liquid  water  couid  be  obtained  from  observations  over  ocean  at  only 
two  frequencies,  such  as  22.2  and  31.4  GHz.  Examples  of  water  vapor  and  liquid 
water  retrievals  are  shown  in  Fig.  2;  these  are  two-wee)c  averages  of  total  water 

(g  cm”^) . Lighter  areas  in  the  figure  are  wetter.  Ocean  roughness  emulates 
liquid  water  below  45®S  latitude. 

The  most  sensitive  and  precise  way  to  measure  atmospheric  composition  is  by 
means  of  limb  scanning.  The  path  length  of  the  radiation  is  'v  300  1cm  near  the 
tangent  point  (where  the  ray  is  parallel  to  the  terrestrial  surface  or  geoid) , 
as  contrasted  with  'v  10  )cm  for  nadir  observations.  This  factor  of  -v-  30  for  path 
length  is  augmented  another  factor  of  10  by  the  greater  contrast  provided  by 
cold  space,  as  opposed  to  that  supplied  by  the  underlying  atmosphere  for  nadir 
observations.  Waters  (ref.  3)  has  analyzed  this  possibility  for  several  trace 
constituents  and  it  appears  that  CO  might  be  sensed  up  to  “v  100  )tm  or  more  using 
the  230  GHz  resonance,  HjO  to  100  )cm  using  183  GHz,  Oj  to  100  )cm  at  184  GHz, 
etc. 

4.  SOUNDING  OF  ATMOSPHERIC  PRESSURE 

There  are  at  least  two  approaches  to  the  sounding  of  atmospheric  pressure 
using  microwave  techniques  and  a single  satellite.  These  include  measurement 
Qf  ]_)  the  pressure— dependent  differential  atmospheric  absorption  near  a strong 
resonance  of  a constituent  lilce  Oj,  which  has  a nearly  constant  mixing  ratio; 

this  can  be  done  in  principle  using  radar  techniques  from  a satellite  viewing 
nadir  over  ocean,  and  2)  brightness  temperatures  at  the  limb  at  one  or  more 
frequencies,  as  a function  of  the  altitude  of  the  ray  tangent  point,  which  must 
be  known  a priori  with  precision  greater  than  that  desired  for  the  measurements 
of  pressure  altitude.  The  successful  operation  of  any  of  these  techniques  would 
require  a level  of  precision  in  one  or  more  particulars  beyond  the  present 
state-of-the-art;  several  of  these  necessary  advances  appear  feasible. 
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FIGU^  1 Sea  level  zenith  opacity  for  oxygen  in  the  U.S.  Standard  Atmosphere  and 

The  effects^i^a^I  ^ distributed  exponentially  with  2 km  scale  height, 
ine  effects  of  a 2 km  thick  stratus  cloud  are  also  shown.  Typical  measurements  for 
©2  alone  and  O2  plus  H2O  are  indicated  by  stars. 
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water  vapor  and  liquid  water  densities 
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ABSTRACT 

Satellite  remote  sensing  activities  in  the  1980's  and 
beyond  will  undoubtedly  utilize  a multitude  of  sensors 
including  optical,  thermal  Infrared  and  active  (cadar) 
and  passive  microwave  instruments.  Among  these  sensors, 
the  latest  newcomer  onto  the  satellite  Plat  orm  scene  s 
radar.  Skylab  provided  the  first  opportunity  to  Ust  a 
radar  system  in  the  non-imaging  scatterometer  ^de  frm 
spare  in  1973,  and  SEASAT-A,  scheduled  a 1978  launch, 
will  carry  the  first  synthetic  aperture  imaging  radar 
aboard  a space  platform  for  civilian  purposes.  The 
SEASAT-A  system,  now  in  the  construction  stage.  w« 
designed  primarily  for  oceanographic  studies. 
plans  also  call  for  the  development 

ing  radar  for  land  applications.  Specifications  for  this 
syltem.  however,  are  not  yet  finalized.  The  purpcse 
this  paper  is  to  propose  system  specif  cations  for  an 
imaging  radar  whose  primary  objective  is  to  provide  use 
ful^information  for  land  applications  including  hydrology, 
agriculture  and  geology. 


1.  INTRODUCTION 

Unlike  the  camera,  the  invention  of  S'"®nst®umentr^^^  a*u!s.  Patent  [1]  was 

atively  new  addition  to  ^Scting  Objects  by  Radio",  it  was  not  until  World 

issued  as  early  as  1934  for  a Systm  fOK  ueieci  g j developed  and  the  acronym 

War  II  that  long  range  E^io  Detection  ^"^.5?"^^Hvancing^echno1ogy  has  allowed  radar  to  be- 

by .t  t. tb.t 

radar  and  our  de^ndencies  upon  radar  are  often  taken  for  granted. 

In  1978  the  exploitation  °f  radar  will  irto^tLt^tte^Splicability 

SEASAT-A.  As  its  name  implies,  SEASAT-A  is  a satein  associated 

of  remote  sensing  devices  for  synthetic  aperture  imaging  radar  will 

phenomena.  As  part  of  its  cepetory  of  re^te  senso^^^  P^^^^  civilian  imaging 

be  used  to  monitor  the  ocean  wave  dynamics.  This  raoar  wi m 
radar  to  be  placed  in  earth  orbit. 

Proposed  for  the  early  1980's  is  a second 

carried  onboard  SEASAT-A,  however,  orbiter  rather  than  being  borne  on  a free- 

imager  and  would  be  Hurxtion  of  the  shuttle  orbiter  will  only  be  on  the 

flying  satellite.  ‘!?!  limited.  I.  '.pite  of 

order  of  seven  days,  the  utility  °f  ® ® “ . <_„ien«ntation  of  the  proposed  rada  .ystem  so 

As  presently  envisioned,  a future  resolution*soil^TOUtu?e  Mps.  in  other 

some  cases  providing  unique  Unsors  For  example,  when  cloud  cover  is  present 

cases  it  would  serve  to  complement  - a’spaceborne  platform.  However,  when  at- 

radar  provides  a unique  means  to  acqui^  sensor^  radar  imagery  can  complement  the 

.»,.yy  u 
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i"  ^ LANOSAT  mss  color  composite  image  and  a radar  imaoe  of  the 

San  Diego  area  are  shown  along  with  the  optically  combined  LANOSAT/radar  image  Even  a curlnr^^ 

Se  '°as°o^';e^‘rhe'rplcifi«  comSltion'^e^ni 

^ j specifications  for  the  proposed  space  shuttle  imaging  radar  (SIR)  are 
subject  of  much  discussion.  Such  discussion  stems  from  the^fact 
iMMnn  anH  of  o”  (the  radar  scattering  coefficient)  on  frequency,  polar- 

specification  of  these  three  parameters  will  have  a signif- 
icant  impact  on  the  utility  of  the  data  for  each  particular  application.  '' 


considered  a "cure-all"  for  solving  every  problem  being  investi- 
g^ed  by  the  rerote  sensing  community.  Rather,  as  with  any  sensor,  it  should  be  co^idlred  ! 

s^tM  sDPr  f?r*??  foe  S0'"e  applications  than  for  others.  This  paper  proposes 

jpooifications  for  a shut  le-like  radar  aimed  at  portions  of  the  geologic,  water  resources 
hp^nf^nl^tl^'^i^  and  soil  applications  areas.  Specifically  it  is  felt  that  such  a system  would 


RADAR  CAPABILITIES  AND  ADVANTAGES 


Because  of  the  successes  of  the  LANDSAT  program  it  might  be  questioned  as  to  whether  a 
radar  equipped  earth  resources  satellite  is  actually  needid.  When  cons?der?ng  LS  a question 
l.^rr^c  fh  optical  sensors,  such  as  LANDSAT'S  MSS,  and  active  microwave  sensors 

proposed  shuttle  radar,  are  distinctly  different  types  of  sensors,  each  acouirino’ 
of  information.  Thus,  when  used  in  tandem,  optical  sensors  and^radar^an 
Slnnl*^  having  an  information  content  highly  superior  to  data  provided  by  either  sensor  ^ 

alone.  Moreover,  for  some  applications,  radar  is  an  undeniably  superior  sensor.. 


armiirrHS!i»  nff,  appealing  advantage  over  optical  sensors  is  its  ability  to 

regard  to  solar  illumination  or  the  presence  of  cloud  cover.  This 
hacit  r V requires  repetitive  image  acquisition  on  a routire 

application  requiring  dependable,  multidate  image  acquisition  is  that  orcrop 
Jrrn.^n7Ml°'’-i  extremely  doubtful  that  reliable  and  accurate  crop  inven?ories 

Imagery  acquired  by  either  optical  or  microwave  sensors,  it  is 
f multidate  imagery  for  increased  crop  identification  accuracy.  This  technioL 
focus  of  the  investigations  of  many  researchers.  Steiner  [2],  for  example  investi- 
the  temporal  dimension  for  purposes  of  improving  crop  identification  accuracy 
and  stated  that  on  the  basis  of  his  work,  "accurate  crop  surveys  could  be  conduae^slna  r^te 

rfair^n^mber^orHUHrH"  visible  spectral  band,  provided  that  observations  were  repeat^ 

L during  the  growing  season.  We  are  aware  of  the  difficulties  produced 

by  the  presence  of  frequent  cloud  cover  over  certain  areas,  of  course.  However  data  aatherino 
at  more  irregular  intervals  might  produce  satisfactory  results,  or  else  the  use’of  another  ^ 
to*"sM"  affected  by  clouds  might  be  the  solution."  Radar,  with  its  ability 

to  see  through  cloud  cover,  is  certainly  a viable  candidate  for  such  an  application.  ^ 


demonstrations  of  the  efficacy  of  radar  is  presented  in  Fiuure  2 
which  depicts  the  areas  imaged  by  the  GEMS*  radar  system  to  date.  Operated  by  the  Goodyear 
Aerospace  Corporation,  the  r.FM<;  /.u.  Ilu.  wodyear 


particularly  true  for  the  Amazon  River  Basin  in  South  America  where  all  countripc  <h;irinn  tho 
Basin  ha.e  obtained  6DIS  eoverage.  It  shoold  be  Pointed  « t"rFlgore  rd»  cU  SSw  ?«^^^ 
area.  ,„ged  .Itb  tb,  GEMS  s,ste..  El, ore  la  Is  a’  sa,*le  of  Ge5s  Sla’,.!,  ^ LT 


Because  of  their  dependence  on  solar  illumination,  optical  sensors  such  as  LANDSAT  MSS 
generally  require  placement  of  the  satellite  in  a sun  synchronous  orbit.  The  orbit  of  a space- 
borne  radar,  on  the  other  hand,  can  be  chosen  with  more  freedom.  In  particular,  the  orbital 
altitude  can  be  varied  over  larger  ranges  allowing  a greater  choice  of  orbital  period  which  in 
turn  dictates  the  target  revisit  period.  Moreover  the  time  of  day  at  which  a target  is  viewed 
is  no  longer  an  overriding  consideration.  This  is  certainly  not  true  of  optical  sensors  which 
can  only  operate  during  daylight  hours.  Even  during  daylight  hours,  care  must  be  taken  in 
analyzing  optical  data  to  account  for  variance  introduced  by  solar  angle  effects. 


•Goodyear  Electronic  Mapping  System 
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Radar  also  has  the  unique  capability  of  making  cross-polarized  measurements.  This  means 
transmitting  and  receiving  the  radar  signal  with  antennas  having  orthogonal  preferred  polari- 
zation characteristics  which  is  a direct  result  of  the  ability  to  control  the  target  illumi- 
nation. By  their  very  nature,  passive  sensors  are  not  capable  of  such  measurements.  Moreover, 
because  of  the  vast  difference  in  signal  wavelengths  employed  by  optical  and  microwave  sensors, 
each  responds  to  target  structure  in  a different  manner.  In  the  optical  window,  for  example, 
most  targets  appear  very  rough,  often  scattering  energy  in  somewhat  of  an  isotropic  manner, 
minimizing  most  structural  characteristics  of  the  terrain.  In  contrast,  changing  the  radar 
signal  wavelength  results  in  an  effective  change  in  target  roughness  which  allows,  in  some  cases, 
inferences  of  target  structure  to  be  made.  While  it  may  be  argued  that  the  isotropic  scattering 
behavior  of  targets  viewed  by  optical  sensors  may  be  desirable  (e.g.  dependence  on  viewing  angle 
is  minimized)  the  control  of  effective  target  roughness  by  radar  offers  many  opportunities  for 
target  study. 

Microwave  sensors  are  also  rather  unique  in  that  they  are  particularly  sensitive  to  moisture 
content  of  natural  targets  such  as  soil,  crops  and  snow.  This  is  a result  of  the  fact  that  at 
common  radar  frequencies  the  dielectric  constant  of  water  is  much  higher  than  the  dielectric 
constants  of  most  dry  natural  targets.  In  Figure  3a  and  3b  the  dielectric  constants  of  soil 
and  snow  are  plotted  versus  soil  moisture  and  snow  liquid  water  content.  Note  that  the  dielec- 
tric constant  of  clay,  for  example,  increases  from  about  3 to  22  as  moisture  changes  from 
0 g/cm3  to  0.40  g/cmJ  (Figure  3a). 

While  a multitude  of  applications  for  an  earth  oriented  radar  have  been  identified,  they 
can  generally  be  subclassified  into  two  groups.  In  this  paper  they  will  be  identified  as  either 
parametric  applications  or  contextual  applications.  This  division  is  a function  of  how  informa- 
tion  is  extracted  from  the  imagery.  ' A contextuaT^appl ication,  as  the  term  contextual  implies, 
relies  on  image  context  and  spatial  variability  for  proper  interpretation.  A geological  appli- 
cation, for  example,  is  contextual  since  the  interpreter  relies  primarily  upon  spatial  feature 
orientation  for  Information  extraction.  This  is  in  contrast  to  a parametric  application  in 
which  information  is  extracted  by  a study  of  image  tone.  More  precisely  it  is  the  magnitude 
of  <f,  the  radar  scattering  coefficient,  which  is  the  primary  source  of  information  for  a 
parametric  application. 

The  successful  exploitation  of  a sensor  system  for  a parametric  application  is  generally 
predicated  on  the  quality  and  quantity  of  information  available  on  the  physical  processes  which 
govern  the  characteristics  of  the  radiation  to  be  detected.  The  development  of  functional 
expressions  relating  microwave  backscatter  response,  if,  to  terrain  parameters  of  interest  is 
thus  fundamental  to  the  full  exploitation  of  radar's  capabilities.  The  problem  of  developing 
such  relationships  can  be  approached  from  a theoretical,  empirical  or  semi -empirical  direction. 

If  it  were  possible  to  completely  describe  both  the  electrical  and  geometrical  characteristics 
of  terrain,  then  it  would  be  theoretically  possible  to  develop  a completely  accurate  scattering 
model.  The  development  of  such  a model  would  certainly  be  welcomed  although  it  is  probably 
safe  to  assume  that  the  development  of  such  a theory  is  virtually  impossible.  In  some  situations 
it  is  possible  to  approximate  the  terrain  by  either  a probabilistic  or  perhaps  a deterministic 
function  such  that  the  solution  of  the  scattering  problem  is  more  practical.  In  general, 
however,  such  models  are  more  useful  in  developing  a fundamental  understanding  of  the  scatter- 
ing process  rather  than  for  use  in  operational  remote  sensing  systems. 

The  next  most  favorable  alternative  is  to  perform  scattering  experiments  with  the  goal  of 
developing  a reasonably  accurate  and  complete  scattering  coefficient  data  base  for  each  terrain 
feature  or  cover  of  Interest.  With  such  a data  base  attempts  can  then  be  made  to  develop  semi- 
empirical  models  which  relate  radar  measurements  to  ground  truth  observations.  In  general 
these  empirical  models  are  mathematically  simpler  than  the  models  based  entirely  on  theory  and, 
when  used  in  conjunction  with  theoretical  considerations,  they  can  add  valuable  insight  into 
the  dependence  of  the  terrain  scattering  coefficient  on  the  wave  parameters  (wavelength,  angle 
of  incidence  and  polarization).  Since  these  relations  are  generally  a function  of  the  signal 
parameters,  it  is  desirable  to  make  measurements  over  as  wide  a range  of  signal  parameters  as 
possible. 


3.  PARAMETRIC  APPLICATIONS 

In  1972  the  first  of  a series  of  radar  spectrometer  scatterometers  was  constructed  and 
employed  in  a program  designed  to  gain  a better  understanding  of  the  scattering  properties  of 
various  crop  species  and  soil  surfaces.  Termed  the  MAS  4-8  (Microwave  Active  Sj>ectrometer , 
4-8  GHz),  the  system  was  a truck-mounted  FM-CW  radar  system  capable  of  making  measurements  of 


a°  at  frequencies  between  4 and  8 GHz,  at  angles  of  Incidence  between  0"  (nadir)  and  70”  for 
HH,  HV  and  VV  polarizations.  The  success  of  the  system  operation  spurred  construction  of  an 
additional,  higher  frequency  system  and  extension  of  the  MAS  4-8  to  lower  frequencies.  Presently, 
the  combination  of  the  two  systems  can  provide  coverage  over  the  1-18  GHz  range  plus  a 35  GHz 
channel.  Since  1972,  in  excess  of  3.5  million  individual  measurements  of  o“  have  been  acquired 
using  these  systems.  Table  I presents  nominal  specifications  for  both  radar  spectrometers 
while  Figure  4 presents  a photograph  of  the  MAS  1-8  system  in  operation. 

Because  the  MAS  systems  are  not  imaging  radars,  they  are  of  limited  use  for  applications 
which  rely  heavily  on  image  context  for  information  extraction.  The  systems  are  suited,  how- 
ever, for  parametric  applications  where  the  magnitude  of  o"  is  the  prime  source  of  information 
rather  than  reliance  on  spatial  Information,  such  as  texture  and  shadow.  Among  these  appli- 
cations are:  a)  monitoring  soil  moisture  content,  b)  monitoring  snowpack  wetness,  and  c)  crop 

species  identification.  These  three  application  areas  have  been  investigated  using  the  MAS 
systems  and,  in  light  of  specifying  system  parameters  for  a spacebome  radar,  are  discussed  in 
the  following  sections. 

3.1  MONITORING  SOIL  MOISTURE  WITH  RADAR 

Extensive  experimental  work  has  been  conducted  to  evaluate  the  utility  of  radar  as  a soil 
moisture  sensor.  A summary  of  the  status  of  radar  soil  moisture  sensing  is  reported  elsewhere 
in  the  Proceedings  of  this  symposium  [3];  hence  to  avoid  repetition,  only  the  significant  con- 
clusions are  included  herein.  Based  on  an  evaluation  of  the  active  microwave  response  to  soil 
moisture  content,  surface  roughness,  and  vegetation  cover,  it  was  concluded  that  radar  can 
provide  quantitative  soil  moisture  information  for  both  bare  and  vegetation-covered  soil  provid- 
ed its  system  parameters  are  properly  chosen.  The  recommended  parameters  were:  a)  microwave 
frequency  in  the  4-5  GHz  range,  b)  7”-17”  angle  of  incidence  (relative  to  nadir)  range,  and 
c)  HH  or  VV  polarization  with  the  addition  of  cross  polarization  as  highly  desirable.  It  was 
also  pointed  out  that  the  radar  performance  as  a soil  moisture  mapper  can  be  significantly 
enhanced  if  auxiliary  Information  on  vegetation  cover  is  provided  by  an  Independent  sensor  such 
as  MSS  scanners  (under  clear  sky  conditions)  or  an  imaging  radar  operating  in  the  8-18  GHz  band 
at  angles  of  incidence  higher  than  40“  (as  discussed  in  section  3.3). 

3.2  MONITORING  SNOWPACK  WETNESS  WITH  RADAR 

In  some  areas  of  the  world,  the  major  source  of  water  for  power,  irrigation,  and  human 
consumption  is  from  snowpack  melt.  Accurate  measurement  of  the  runoff  is  therefore  very  impor- 
tant for  both  flood  control  and  proper  conservation  of  this  resource.  Snowpack  water  equivalent 
is  the  total  water  content  of  the  snowpack  per  unit  area.  The  traditional  method  used  to  acquire 
data  on  water  equivalent  involves  the  direct  sampling  of  snow  depth  and  density.  The  measure- 
ments are  then  related  to  runoff  by  one  of  several  methods:  historical  normal,  index  method, 
water  balance  method,  or  hydrologic  methods.  These  methods  have  the  disadvantage  of  using 
a limited  number  of  discrete  samples  to  estimate  water  equivalent  on  a large  area  basis,  which 
is  both  laborious  and  not  very  accurate.  Remote  sensing  has  the  potential  to  provide  more 
accurate  large-scale  snowpack  information,  which  can  serve  to  Improve  the  hydrologist's  pre- 
diction of  runoff. 

Since  1975,  two  experiments  have  been  conducted  by  the  University  of  Kansas  Remote  Sensing 
Laboratory  to  evaluate  the  response  of  microwave  sensors  to  snow  cover.  The  first  experiment, 
conducted  in  Lawrence,  Kansas  in  1975  employed  the  MAS  1-8  system.  The  results  of  this  investi- 
gation Indicated  that  the  radar  scattering  coefficient  was  highly  dependent  on  snow  condition 
variations  and  provided  the  stimulus  to  conduct  a second,  more  extensive  snowpack  experiment. 

This  second  investigation  conducted  in  early  1977  in  Steamboat  Springs,  Colorado  resulted  in 
the  acquisition  of  scattering  data  from  a broad  range  of  snow  conditions.  Moreover,  active 
microwave  data  were  acquired  over  the  1 GHz  to  18  GHz  range  and  at  35  GHz  and  passive  data 
were  acquired  at  9,  37  and  94  GHz. 

Figure  5 presents  a sample  of  the  1975  experiment  data.  These  data  were  acquired  at 
6.25  GHz  at  70”  with  an  HH  antenna  configuration.  While  only  11  data  points  were  acquired, 
the  correlation  coefficient, p , was  -0.797,  statistically  significant  at  the  0.99  level  of 
significance.  In  Figure  6a,  curves  are  presented  depicting  the  correlation  coefficient  be- 
tween a”  and  m^  for  other  angles  and  frequencies.  Although  p is  rather  high  at  nadir  at 
frequencies  higher  than  about  5 GHz,  image  resolution  restrictions  at  nadir  removes  a nadir 
viewing  system  from  consideration.  While  the  values  of  p at  the  higher  angles  are  not  remark- 
ably large,  the  magnitude  of  p indicates  an  increasing  trend  with  angle  and  frequency.  Similar- 
ly this  is  true  for  the  sensitivity  of  o”  to  m^  as  shown  in  Figure  6b. 
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It  is  unfortunate  that  provisions  were  not  available  in  1975  to  measure  the  snow  liouid 
water  content  as  it  is  very  likely  that  it  is  this  parameter  which  drives  the  snow  scatter 
phenomenon.  Dur  ng  the  1977  experiment,  however,  liquid  water  content  was  measured  and  a 
preliminary  examination  of  the  data  indicates  that  o“  is  highly  dependent  on  this  variable 
Ern^L'i  SJ%Jri97rdaS®  sensitivity  of  a”  to  m^  to  increase  with  frequency  appears  to  be 

3.3  CROPLAND  INVENTORIES  WITH  RADAR 

Of  utmost  Importance  in  any  cropland  management  program  is  the  ability  to  quickly  and 
accurately  dentify  those  crop  types  of  interest  under  cultivation  within  a given  region.  For 
Instance,  yield  predictions  cannot  be  made  without  a knowledge  of  the  acreage  occupied  by  a 
given  crop  nor  can  growth  stage  be  determined  until  the  crop  species  have  been  identified  Pre- 
sently. orbital  sensors  are  being  Investigated  as  possible  aids  for  the  cropland  manager.  Those 
receiving  the  majority  of  attention  are  of  two  general  types,  the  passive  optical  sensors 
and  the  active  microwave  sensors.  While  both  optical  and  microwave  sensors  are  capable  of  mak- 
ing multispectral  and  multipolarized  measurements,  the  microwave  sensors  provide  a dependable 
added  measurement  dimension,  the  temporal  dimension.  While  the  optical  sensors  can  provide 
tenporal  data  under  ideal  atmospheric  conditions,  microwave  sensors,  particularly  the  active 
microwave  sensors,  can  provide  temporal  data  regardless  of  cloud  cover  and  time  of  day.  It  is 
this  distinguishing  characteristic  which  makes  the  active  microwave  sensor  so  appealing. 

An  ongoing  Investigation  of  the  radar  response  of  croplands  has  led  to  the  following  design 
recommendations  for  an  active  microwave  orbital  sensor  for  crop  identification  applications 
a)  To  adequately  (correct  classification  of  at  least  90%  of  all  resolution  cells)  discriminate 
among  and  classify  crops  the  temporal  dimension  should  be  employed.  It  presently  appears  that 
repetitive  coverage  of  a ten  day  period  will  be  needed,  b)  Current  indications  are  that  a 
vertically  polarized  signal  having  a frequency  of  about  14  GHz  is  most  suitable  for  crop  Identifi- 
cation. In  lieu  of  this  choice  a dual  polarized  signal  of  9.0  GHz  may  probably  be  used,  c)  As- 
suming  a signal  choice  of  14  GHz  VV  has  been  made  and  further  assuming  that  the  temporal  di- 
mension is  employed,  the  addition  of  either  an  added  frequency  or  an  added  polarization  will 
provide  nearly  identical  additional  information  (over  a 14  GHz,  VV  temporal  channel)  for 
classification  purposes. 

Earlier  studies  of  radar  response  to  vegetation  [4]  have  Indicated  that  to  avoid  the 
influence  of  soil  moisture  on  a . the  radar  scattering  coefficient,  frequencies  higher  than  about 
B.O  GHz  and  angles  of  incidence  (measured  from  nadir)  greater  than  about  4D°  must  be  employed. 
Bearing  this  in  mind  a temporal  data  base  was  constructed  using  data  gathered  at  an  angle  of 
different  frequencies  in  the  8-18  GHz  frequency  Interval.  Both  HH  and 
VV  data  have  been  ^ployed.  For  example.  Figure  7 presents  the  temporal  variations  of  o.,“  (dB) 
as  TOasured  at  14.2  GHz.  Note  that  five  crop  types  were  studied.  Since  different  crops'^were 
cult  va ted  during  the  period  extending  from  May  19  to  June  28  (see  Figure  7)  than  during  the 

9e2!'’a1.  necessary  to  break  the  total  season  into  two^parts 
if  the  temporal  dimension  is  to  be  effectively  employed. 

While  the  data  such  as  those  depicted  in  Figure  7 were  gathered  under  rather  -ontrolled 
conditions,  actual  data  collected  by  an  orbital  sensor  will  undoubtedly  Include  various  errors 
and  uncertainties.  The  sources  of  these  errors  and  uncertainties  are  numerous  but  they  can  be 
grouped  into  three  major  classes:  a)  those  introduced  by  signal  scintillation,  b)  those 

natural  variations  in  the  scattering  properties  of  targets  within  a supposedly 
homogeneous  region  and  c)  those  introduced  by  sensor  instabilities.  For  this  study  these 
modeled  in  accordance  with  the  preliminary  design  specifications  for  the 
shuttle  imager  as  estimated  by  the  Hughes  Corporation  [5]. 

in  Investigation  was  that  of  rank  ordering  the  12  measurement  dimensions 

in  terms  of  their  discriminating  power.  This  ordering  was  done  on  a day  by  day  basis  using 
data  sampled  from  the  temporal  dimension  approximately  every  five  days.  This  produced  24 
temporal  measurements  from  the  120  day  data  base.  The  data  were  ordered  using  a stepwise 
technique  based  on  an  F-ratio  of  between  class  variance  to  within  class  variance.  Of  the  12 
firatlnnl®  ''tables.  2V  a*  measured  at  14.2  GHz  with  a VV  antenna  config- 

th  r ^^®  sainple  days  as  having  the  greatest  discriminating  power 

variables^*^*  chosen  as  being  the  best  of  the  12  (6  frequencies  x 2 polarizations)  available 

Having  removed  the  variance  accounted  for  by  a',.  the  remaining  11  variables  were  rank 
ordered.  This  second  step  of  the  analysis  1ndicated'^•2^hat  either  or  oJ  w« 
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acceptable  In  terms  of  their  discriminating  power.  However,  because  of  the  technical  and 
economic  difficulties  involved  in  producing  a 17.0  GHz  systw  [5]  o q qh  chosen  ** 
second  discriminating  variable.  Moreover,  the  9 GHz  variable  is  of  particular  interest  since 
9 GHz  is  the  frequency  presently  under  consideration  for  the  proposed  shuttle  radar. 

Some  results  of  using  these  variables  (o*q  qm  and  '’“la  ® 

are  presented  in  Figure  8.  Note  that  the  tempSfaV  dimensidh  has  not  yet  been  wployed.  Using 
only  a single  measurement  dimension,  jy.  the  best  classification  occurs  on  day  "^er  25 

at  which  time  89%  of  the  resolution  cell|-?!(200  in  all)  “f%«rrectly 
» anrf  n”  increases  the  percentage  of  correct  classification  to  95*.  wniie  asi  is  an 
adiSo^Ke  rate  ^-°“of  correct  classification,  this  rate  occurs  during  the  early  part  of  the  sum- 
mer when  only  wheat,  corn,  alfalfa  and  bare  soil  were  present.  This  does  not 
subsequent  classification  of  milo  and  soybeans  after 

subsequent  portion  of  the  summer  the  percentage  of  correct  classification  is  relatively  poor. 

Figures  9,  10  and  11  present  results  using  the  temporal  dimension  for  a ten  day^vUit 
period  In  these  figures  various  combinations  of  the  9 GHz  and  14.2  GHz  variables  are  compare  . 
For  instance  in  Figure  9,  classification  results  using  the  14.2  GHz,  VV  variable  and  the 
g S S VV  variablfare  compared.  Note  that  Indeed  the  14.2  GHz,  VV  variable  is  superior  with 
abSut  95*  and  83%  accuracy  being  attained  30  days  subsequent 

both  temporal  segments.  The  9.0  GHz,  VV  accuracies  are  only  90%  and  66*  after  30  days  for  the 
first  and  second  segments,  respectively. 

Fioure  10  compares  14.2  GHz,  VV  results  with  9.0  GHz,  HH  and  VV  results.  Note  a choice  of 

either  variable  set  results  in  accuracies  that  are  "^*'2  vV  9 0°GHz^^’ 

Finally,  Figure  11  presents  a comparison  of  results  using  the  14.2  GHz,  HH  and  VV,  V.O  bHz. 

HH  and  VV  and  14.2  GHz,  VV  and  9.0  GHz,  HH  variable  sets.  Clearly  the  dual  polarized  9.0  GHz 
variable  set  is  inferior  to  either  of  the  other  variable  sets. 

Table  II  presents  these,  and  other,  results  in  somewhat  of  a 
in  this  table  are  the  number  of  days  necessary  to  reach  a 90%  rate  of 

as  a function  of  sensor  parameters  and  revisit  period,  t.  Note  that  whereas  dual  polarized, 

1.0  GHZ  data  produced  accuracies  greater  than  90%  (after  3° 

dual  oolarized  14  2 GHz  data  result  in  accuracies  greater  than  90%  for  t — 10_days.  wreover, 
i^T  is  fiLd  at  five  days,  accuracies  greater  than  90%  (after  30  days  orSBservation)  can  be 
reached  wUh  du^  polarized  9.0  GHz  data  or  singly  polarized  14.2  GHz  data.  It  fould  be  noted 
that  if  the  cfTteria  of  acceptable  accuracies  (i.e.  that  the  accuracy  must  be  90%  after 

30  days  of  sampling)  is  relaxed  to  90%  accuracies  after  40  days  of  sampling,  then  the  9.0  GHz, 
HH  and  VV  variable  set  is  acceptable.  Moreover,  these  accuracies  can  be  further  increased  by 
Sktng  uL  of  aSllfry  data  sSch  as  previous  years  planting  practices  and  prior  classification 

results. 


4.  CONTEXTUAL  APPLICATIONS 

The  fact  that  contextual  applications  of  radar  rely  more  heavily  on  the  acquisition  of 
imagery  rather  than  numerical  values  of  o"  has  retarded  the  evaluation  of  radar  s ^ectral 
dim^sion.  This  is  a result  of  the  sophisticated  nature  of  an  imaging  radar  which  the 

construction  of  an  imaging  radar  spectrometer  a formidable  task.  For  s^  contextual  appli- 
cations however,  this  lack  of  spectral  Information  is  not  an  extreme  hinderance  such  as  in 
the  detection  of  bodies  of  water.  While  the  development  of  an  imaging  radar  ^^‘^Jrometer  would 
be  a boon  to  the  field  of  remote  sensing,  such  development  is  not  planned  in  the  foreseeable 

future. 

It  is  beyond  the  scope  of  this  paper  to  discuss  all  the  possible  contextual  applicaUons 
of  radar.  Rather,  only  a few  contextual  applications  will  be  discussed  as 

utility  of  radar  for  applications  in  which  context  plays  the  prominent  role  in  the  information 
extraction  process. 

To  the  geologist,  radar  can  offer  some  rather  important  features.  Most  important  is  the 
fact  that  the  radar  shadows  produced  by  the  terrain  relief  tend  to  enhance  subtle  terrain 
features  which  often  go  unnoticed  on  aerial  photography.  This  effect  is  clearly  d^nstrated 
in  Fiqure  12  a radar  image  acquired  with  the  Motorola  system  near  Birmingham,  Alabama.  Because 
of  tlrshado;  produced  by  the  terrain  relief,  the  folds  in  this  area  have  been  clearly  enhanc- 
ed While  the  effects  of  shadow  are  desirable  for  the  geologist  using  radar  imagery,  it  is 
not  possible  to  specify  an  optimum  depression  angle  suitable  for  all 

ferent  depression  angles  should  be  chosen  depending  on  the  degree  of  relief  in  the  area  being 


imaged.  In  1971  a world  map  was  published  [6  ] specifying  suitable  ranges  of  depression 
angle  for  the  various  regions  of  the  world.  A portion  of  this  map  is  presented  in  Figure  13. 
Note  that  excepting  areas  of  extreme  relief,  the  suggested  depression  angles  fall  in  the  20 
to  45°  region  (45°'70°  relative  to  nadir). 

The  use  of  cross-polarized  radar  Imagery  has  been  found  to  be  particularly  useful  in 
geologic  Investigations.  In  areas  having  little  vegetation  cover,  for  example,  it  was  found 
that  the  cross-polarized  return  can  be  of  aid  in  studying  the  liurface  configuration  of  rock 
formations  [7].  Thus,  while  it  is  not  possible  to  suggest  an  optimum  frequency  for  geologic 
mapping,  it  is  possible  to  suggest  that  depression  angles  in  the  20°  to  45°  range  represent  a 
suitable  compromise  for  most  geologic  applications.  Moreover  it  is  desirable  for  geologic 
purposes  that  cross-polarized  imagery  be  acquired  in  addition  to  the  like-polarized  imagery. 

As  demonstrated  during  project  RADAM,  radar  can  be  an  invaluable  tool  for  producing  not 
only  current  land  use  maps,  but  also  maps  depicting  potential  land  use  for  future  applications. 
Using  such  maps,  areas  can  be  selected  for  agricultural  development,  transportation  network 
construction,  mineral  exploration,  urban  expansion  as  well  as  a host  of  other  developmental 
applications. 

Radar  also  has  applications  in  regulating  man's  use  of  the  environment.  A spaceborne  radar 
could  provide  an  effective  means  of  monitoring  and  tracking  oil  spills,  monitoring  areas  clear 
cut  by  the  lumber  industry  and  regulating  the  mining  industry  to  ensure  that  areas  which  have 
been  strip  mined  are  properly  reclaimed. 

Cartographers  would  certainly  benefit  from  imagery  obtained  by  a spaceborne  radar  system 
not  only  in  areas  heretofore  unmapped  because  of  persistent  cloud  cover  but  also  in  many  areas 
where  map  updating  is  necessary  [8].  This  is  particularly  true  for  the  development  of  topo- 
graphic maps  where  the  relief  enhancement  provided  by  radar  can  provide  unusually  good  pre- 
sentations of  terrain  relief  not  apparent  in  aerial  photography. 

Radar  can  also  provide  information  on  lake  ice  and  permafrost  [9].  One  aspect  of  the  lake 
ice  application  which  is  of  considerable  importance  is  the  development  of  a system  for  aiding 
navigation  in  the  upper  Great  Lakes.  In  particular  this  involves  the  generation  of  techniques 
for  estlfnsting  not  only  the  locdtion  of  ice  buildings  but  also  for  estimating  the  thickness  of 
ice.  Thus  this  application  falls  under  both  the  parametric  and  contextual  applications  areas. 
With  respect  to  the  permafrost  application,  radar  imagery  would  be  employed  for  the  location 
of  the  permafrosted  areas.  Using  the  radar  imagery,  base  maps  could  be  constructed  for  ref- 
erence during  the  planning  stages  of  construction  and  mineral  exploration. 

For  these  applications  very  little  information  is  available  indicating  suitable  choices  of 
radar  parameters.  Perhaps  most  important,  though,  particularly  to  the  cartographer,  is  a high 
degree  of  geometric  fidelity.  Moreover  for  certain  applications  such  as  those  involving 
industrial  regulation,  a high  degree  of  spatial  resolution  can  become  paramount. 

5.  SYSTEM  RESTRICTIONS  AND  SPECIFICATIONS 

While  the  task  of  specifying  the  parameters  of  a radar  system  which  are  amenable  to  all 
users  of  the  system  is  not  easy,  the  task  if  further  complicated  by  the  fact  that  the  system 
designer  must  also  be  satisfied.  The  design  task  of  systems  with  large  off-nadir  angles  and/or 
large  elevation  beamwidths  for  example,  can  be  particularly  troublesome.  While  many  considera- 
tions limit  the  off-nadir  angle  and  angular  range  over  which  a radar  may  operate,  two  funda- 
mental factors  which  have  to  be  taken  into  consideration  are  ambiguities  and  transmitter  power 
requirements.  This  is  particularly  true  for  a synthetic  aperture  system  operating  from  orbital 
altitudes.  While  these  considerations  may  at  first  glance  seem  to  be  uncoupled  effects,  they 
are  Indeed  highly  dependent  upon  one  another.  For  example,  as  attempts  are  made  to  increase 
angular  range,  the  pulse  repetition  frequency  is  in  general  decreased  to  avoid  ambiguous  range 
returns.  At  the  same  time,  the  pulse  repetition  frequency  must  be  maintained  high  enough  to 
avoid  azimuth  ambiguities.  These  considerations  may  be  further  complicated  if  it  is  desired 
to  operate  at  large  off-nadir  angles.  For  a fixed  average  transmitter  power  the  pulse 
repetition  frequency  must  in  general  be  decreased  to  allow  higher  peak  power,  necessary  for 
maintaining  required  signal-to-noise  ratios. 

Constructing  a system  to  operate  at  frequencies  higher  than  about  9 or  10  GHz  is  also 
difficult.  This  is  a result  of  the  fact  that  extremely  high  tolerances  are  called  for  in  the 
construction  o°  a suitable  antenna  system.  Because  these  tolerances  are  expressed  in  terms  of 


413 


T 

i 


signal  wavelength,  higher  frequencies  (shorter  wavelengths)  result  in  absolute  tolerances  often 
too  small  to  be  held  by  the  most  expert  machinist.  The  Hughes  Corporation,  for  example,  in 
their  study  [5]  of  the  proposed  shuttle  radar  noted  that  while  the  technical  problems  encounter- 
ed in  the  design  of  a Ku-band  antenna  precluded  operations  at  these  frequencies,  a 13  or  14  GHz 
antenna  could  be  properly  designed.  It  was  noted,  however,  that  a 13  or  14  GHz  system  would 
cost  approximately  30J  more  than  an  X-band  system. 

The  telemetry  of  data  to  earth  stations  can  further  compound  the  implementation  of  a space- 
borne  system  if  high  resolution  imagery  is  required  over  wide  swath  widths.  An  increase  in 
swath  width  and  image  resolution  quickly  results  in  an  overwhelming  amount  of  data  to  be  trans- 
mitted to  earth.  The  result  is  that  either  more  sophisticated  onboard  initial  data  reduction 
techniques  are  required  to  reduce  the  volume  of  data  to  be  transmitted  and/or  that  the  telemetry 
bandwidths  must  be  increased  to  accommodate  the  increase  in  data  flow.  Thus,  given  an  upper 
limit  on  the  telemetry  time-bandwidth  product  a trade-off  between  swath  width  and  resolution 
must  be  considered. 

Upon  receipt  of  the  telemetered  data  it  must  undergo  processing  to  produce  the  final 
imagery.  Again  a problem  arises  if  a high  resolution  system  is  employed  since  processing 
requirements  increase  rapidly  for  even  a marginal  increase  in  image  resolution.  This  is  most 
true  for  a fully  focused  synthetic  aperture  imager  in  which  case  a modest  reduction  in  reso- 
lution requirements  results  in  a tremendous  reduction  in  processor  requirements.  If  it  is 
determined  that  resolution  must  be  sacrificed  to  decrease  demands  on  the  radar  telemetry 
systems  and  processor  requirements,  a real  aperture  or  unfocused  synthetic  aperture  system  may 
provide  the  resolution  necessary.  Not  only  would  these  systems  ease  processor  and  telemetry 
demands  but  they  also  represent  a much  simpler  (particularly  if  a real  aperture  system  is 
^ployed)  and  thus  less  costly  alternative  to  a fully  focused  synthetic  aperture  radar. 

Table  III  presents  a comparison  of  the  ultimate  along  track  resolution  attainable  with  real 
aperture,  unfocused  synthetic  aperture  and  fully  focused  synthetic  aperture  radars.  For 
purposes  of  this  example  it  is  assumed  that  a dual  frequency  (10  GHz  and  5 GHz)  system,  employ- 
ing ten  meter  long  antennas  would  operate  from  a 1000  Km  altitude. 


While  the  resolution  advantage  of  the  ful !y  focused  system  is  quite  apparent,  it  is  doubt- 
ful that  a spaceborne  radar  would  operate  in  such  a fine  resolution  mode.  More  likely  it  would 
divide  the  maximum  synthetic  aperture  into  a number  of  subapertures  and  average  the  return  in 
each  subaperture  to  increase  measurement  precision.  Nonetheless  the  requirements  on  the 
telemetry  and  processor  systems  would  remain  quite  extreme.  At  the  opposite  extreme  lies  the 
real  aperture  .nager.  Since  the  telemetry  and  processor  requirements  for  such  a system  are 
minimal,  it  is  an  attractive  option  if  the  degradation  in  image  resolution  can  be  tolerated. 
Iwreover  since  none  of  the  azimuth  bandwidth  is  used  for  beam  sharpening,  the  excess  bandwidth 
is  OTployed  for  increasing  data  precision.  The  third  option  is  an  unfocused  synthetic  aperture  radar 
with  resolution  much  better  than  a real  aperture  system  but  not  nearly  as  fine  as  the  synthetic 
aperture  radar.  As  might  be  expected  the  telemetry  and  processor  demands  lie  between  the 
requirements  made  by  the  real  and  focussed  synthetic  aperture  systems.  However  it  should  be 
stressed  that  the  resolution  shown  in  Table  III  would  probably  not  be  available  on  an  operational 
basis  since  an  almost  mandatory  increase  in  data  precision  requires  a correspondinq  degradation 
in  image  resolution. 


Each  of  these  three  options  has  advantages  and,  of  course,  serious  drawbacks.  In  essence 
the  choice  among  these  three  systems  amounts  to  trading  image  resolution  for  easier  processing 
and  better  data  precision.  Economics  will  undoubtedly  have  a large  impact  on  the  decision  mak- 
ing process.  However,  perhaps  more  important  factors  to  be  considered  are  the  requirements 
set  forth  by  the  users  of  the  data. 


Table  IV  summarizes  sections  3 and  4 in  that  it  lists  the  radar  parameters  most  desired  for 
a spaceborne  radar.  The  first  point  to  be  noted  is  that  for  the  applications  listed,  two  systems 
are  required.  This  is  dictated  not  only  by  the  relatively  low  frequency  needed  for  soil  mois- 
ture versus  the  higher  frequency  needed  for  snowpack,  crop  classification  and  contextual  appli- 
cations but  also  by  the  angular  ranges  for  these  same  applications.  While  the  lower  frequency 
system  is  rather  well  defined,  the  higher  frequency  system,  which  has  a broader  range  of  appli- 
cations, is  not  well  defined.  Moreover,  as  discussed  earlier,  the  selection  of  14.2  GHz  as  a 
desired  frequency  is  not  practical  in  terms  of  antenna  construction.  Thus  it  is  apparent  that 
a compromise  is  needed. 

f compromise.  The  C-band  (4.8  GHz)  system  has  not  been  changed 

Trom  laoie  IV.  The  X-band  system,  however,  is  now  suggested  for  the  remaining  applications, 
ine  major  compromise  is  reducing  the  frequency  for  crop  classification  from  14.2  GHz  to  9.0  GHz. 
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This  Is  a result  of  the  costs  Involved  In  building  a K-band  antenna. 

6.  CONCLUDING  REMARKS 

Any  dttempt  to  specify  baseline  specifications  for  a system  as  sophisticated  as  a space- 
borne  Imaging  radar  must  at  best  be  considered  a compromise  between  user  requirements  and  tech- 
nical feasibility.  Moreover  the  paucity  of  Information  concerning  proper  specifications  for 
many  (If  not  most)  applications  requires  educated  guesswork  when  the  time  comes  for  system 
definition.  The  suggestions  presented  herein  are  made  In  light  of  presently  available  Informa- 
tion on  target  scattering  properties.  It  Is  not  Implied  that  these  specifications  are  optimum 
In  light  of  all  considerations.  Rather,  they  should  be  thought  of  as  Initial  best  estimates 
of  system  specifications  to  be  evaluated  aboard  a spaceborne  testbed. 
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TABLE  I.  MAS  1-8  and  MAS  8-18/35  Nominal  System  Specifications 


MAS  1-8 

MAS  8-18 

35  GHz  Channel 

Type 

FM-CW 

FM-CW 

FM-CW 

Modulating  Waveform 

Triangular 

Triangular 

Triangular 

Frequency  Range 

1-8  GHz 

8-18  GHz 

35.6  GHz 

FM  Sweep:  Af 

400  MHz 

800  MHz 

800  r«iz 

Transmitter  Power 

10  dBm 

10  dBm 

1 dBm 

Intermediate  Frequency 

50  KHz 

50  KHz 

50  KHz 

IF  Bandwidth 

10  KHz 

10  KHz 

10  KHz 

Antennas 

Height  of  Ground 

20  m 

26  m 

26  m 

Type 

122  cm  Reflector 

46  cm  Reflector 

Scalar  Horn 

Feeds 

Crossed  Log- 
Periodic 

Quad-Ridged  Horn 

•••• 

Polarization 

Capabilities: 

HH,  HV,  VV 

HH,  HV,  VV 

HH,  HV,  VV, 
RR,  RL,  LL 

Beamwidth 

12"  at  1.25  GHz 
to 

1.8“  at  7.25  GHz 

4°  at  8.6  GHz 
to 

2"  at  17.0  GHz 

3" 

Incidence  Angle  Range 
Calibration: 

0”  (nad1r)-80“ 

0“  (nadir)-80“ 

0”  (nadir)-80“ 

Internal 

Signal  Injection 
(delay  line) 

Signal  Injection 
(delay  line) 

Signal  Injection 
(delay  line) 

External 

Luneberg  Lens 
Reflector 

.uneberg  Lens 
Reflector 

Luneberg  Lens 
Reflector 

TABLE  II.  Number  of  days  necessary  to  reach  a 90  percent  rate 

of  correct  classification,  as  a function  of  observation 
period, T , and  sensor  parameters.  Figures  are  presented 
for  both  temporal  segment  1 (si;  May  20  through  June  26) 
and  segment  2 (s2;  June  27  through  September  20). 


Frequency,  Polarization 

T * 

5 days 

■t  ■ 

10  days 

T * 

15  days 

si 

s2 

si 

s2 

si 

s2 

9.0,  HH 

X 

30 

X 

80 

X 

X 

9.0,  VV 

20 

50 

30 

70 

X 

X 

9.0,  HH,  VV 

i 20 

30  i 

20 

40 

X 

60 

14.2,  VV 

i 20 

30  i 

20 

50 

30 

45 

14.2  HH,  VV 

i 20 

30 

20 

30  i 

30 

45 

14.2,  VV;  9.0,  HH 

; 20 

L...... 

20 

20 

30  i 

30 

45 

TABLE  III. 


Comparison  of  the  resolution  capabilities  of  real 
aperture,  unfocused  synthetic  aperture  and  focused 
synthetic  aperture  spaceborne  radars. 


Altitude  1 000  km 
Antenna  Length  10  m 


Local  rtogle  of  Incidence 

10° 

50° 

Frequency  (GHz) 

10 

5 

10 

5 

Along  Track  Resolution 

Real  Aperture 

3.04  km 

6.08  km 

4.28  km 

8.57  km 

Synthetic  Aperture 
(unfocused) 

87  m 

123  m 

104  m 

146  m 

Synthetic  Aperture 
(focused) 

5 m 

5 m 

5 m 

5 m 

TABLE  IV.  Desired  System  Parameter?  for  Parametric  and 
Contextual  Applications 


A.  Parametric  Applications 


Application 
Soil  Moisture  Mapping 
Snowpack  Wetness  Mapping 
Crop  Classification 

B.  Contextual  Applications 


Frequency  Polariz ation 

4.8  GHz  HH.  HV 

> 8 GHz  HH 

14.2  GHz  HH,  VV 


Angle  of  Incidence  Range 
7“-20“ 

>40° 

40"-60° 


While  it  is  not  possible  to  be  specific  in  defining  system  parameters  for  contextual 
applications,  it  is  suggested  that  a dual  polarized,  X-band  system  operating  at  angles 
of  incidence  in  the  40°-60°  range  would  be  suitable. 


TABLE  V.  Reconmended  Space  Radar  Parameters  for  Parametric  and 
Contextual  Applications 


Appl  ication(s) 

A)  Soil  Moisture 
Mapping 


Frequency 
4.8  GHz 


B)  Snowpack  Wetness 
Mapping 

Crop  Classification  9.0  GHz 

Contextual  Appli- 
cations 


Polarization 

HH,  HV 


VV.  HV 


Angle  of  1 ncjden«  R^n^e 


AO^-eO” 


-A'*  .,  " ■ 


r,.*- 


" -c: 


i/ 


■'w.% 

Vy  ” . * 


“ f 


IAOAR> 

h*i.i  \ jsoooo 


gims  n»o*i* 

2*  JOIV  1»» 


V 


■'I  ^ ' ' 


FTCURE  1 Radar  imagery  (la).  LANDSAT  color  composite  imagery  (lb)  and  Radar/LANDSAT 
" Lpo;ite  imagery  (lc)^f  San  Diego  and  ^'^^rounding^are^^^^  Aerospace) 
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WORLDWIDE 

SIDE  LOOKING  AIRBORNE  RADAR  COVERAGE 


FIGURE  2.  World  map  depicting  the  areas  (in  grey)  imaged  by  the  GEMS  radar. 

(Courtesy  of  Goodyear  Aerospace) 
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Correlation  Coefficient 


FIGURE  5.  Variation  of  the  scatteri  ig  coefficient  of  snow  versus 
total  snow  water  equivalent.  The  line  is  a least  squared  error 
fit. 


Polarization;  HH 


(6a)  (6b) 

FIGURE  6.  Correlation  coefficients  (6a)  and  sensitivities  (6b)  of  o”of  snow 
water  equivalent  as  a function  of  frequency  and  angle  of  incidence.  The 
polarization  is  HH.  Note  the  trend  for  the  correlation  to  increase 
(in  the  negative  sense)  as  frequency  and  angle  increase. 


FIGURE  7.  Temporal  variations  of  o^”  (dB) 
for  five  crop  types. 


FIGURE  8.  Comparison  of  daily  classification 
results  using  single  and  dual  frequency 
measurements. 
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FIGURE  9.  A comparison  of  p.(14.2  GHz,  VV) 
with  p.(9.0  GHz,  VV)  for  a revisit  period 
of  10  ^days.  Note  the  clear  superiority 
of  the  14.2  data  results. 


FIGURE  10.  A comparison  of  p (14.2  GHz,  VV) 
with  p.(9.0  GHz,  HH,  VV)  for  a revisit 
period^of  10  days.  The  results  are 
comparable  for  both  sets  of  discriminating 
variables. 
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OPTIMUM  RADAR  DEPRESSION 
ANGLES  FOR  GEOLOGIC  ANALYSIS 


aCAlE  ALONG  40  LATITUQC 
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A portion  of  a map  generated  by  MacDonald  and 
[6]  which  presents  suggested  radar  depression 
, for  maximum  relief  enhancement. 
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application  op  synthetic  aperture  radar  (SAR)_ 

TO  REMOTE  SENSING 


A.  Kozma  and  R.  W.  Larson 

Radar  and  Optics  Division 
Environmental  Research  Institute  of  Michigan 
Ann  Arbor,  Michigan 


SUMMARY 


genfraLd  ani  con'niloial  photographic  Interpretation  techniques  were 
applied  to  extract  Information  from  these  Images. 

n,,  attention  being  directed  toward  the  application  of 

ImaglSrsy^eL  t^’remote  sensing  '.Sln'^a^Jh^eto^^^  wide 

also  been  examined  as  ^ as  tL  measurement  of 

-rrtLe!  ?cf  SitS^^; 

SeS^madr^aJI-'^irvfand^^^fqu^eAclSr^  radars  originally  developed 
for  military  uses.  ^"s^uIefCl  to^lmprove°tL^lnUrpretabl^ 

the  various  parameters  that  affect  “^=^^°'‘^oughLss  for  various  wave- 

;^roi^fffeJ?s  dL^fo  iL^^^esSSnre^o  the  surface  electrical  properties 
of  the  terrain. 

„o,nU„  an  X-L  band  llTn  f.JhiJefrjra'laJg^ 

for  remote  sensing  and  ‘ the  usefulness  of  this  instrument 

whTcrproducerrourilmultaneous  images  been  demonstrated.  These 

applications  include  -anurement^^^^  SrwTvrsJeJtra^LaruSmrnts:  deter- 
irnin^he^hLacterlstlcs  of^ 

corresponding  ground  truth  Is  not  adequate  the  ^^neral^conc ius ^ 

Lmbi“rf^aJtr!bu?LTf^'the  terrain  can  be  better  deduced  when  Images  at 
two  wavelengths  and  two  polarizations  are  available. 

Another  important  conclusion  which  results  from  the  ° Vr^'sAR^ls 

1,  th«°‘rSrth.r%ea.ancb  .a  b«o..=.r,  beron.  tbe  «n.ra  aU 

search  are; 

m The  concept  of  mult Ispectral  microwave  measurements  Is  based  on  the 
^ ot-  Q HirTprent/  wavplcHKth  01’  po lar  1 Zdt  1 on  pro* 
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are  not  practical  due  to  bcth  the  expense  and  time  re- 
quired, but  the  use  of  additional  channels  at  other  wavelengths  mav  provide 

interpretation  for  a number  o?  typerJ? 
SAR  Images.  At  the  present  time,  the  ERIM  system  has  3 cm  and  23  cmoperat- 
•ibfut  desirable  to  add  a third  channel  operating  at 

. e?  obtain  a measure  of  the  scattering  distribution  of  structuL 
° rine  scale.  The  addition  of  this  short  wavelength  to  the  two 

channels  would  then  provide  measurements  over  a wave- 

ti-uf  3urf2e2  orders  of  magnitude  and  would  allow  measurement  of  a 

tz  je  surface  response,  with  no  volume  or  penetration  effects, 

(2)  Purthe*"  study  of  the  Interaction  between  electromagnetic  waves  and 
various  types  of  terrain  elements  Is  required.  This  should  be  done  both 
and°^h^  modeling  of  the  Interaction  of  electromagnetic  waves  with  the  terrain 
n?gS?  eSrtmeits?  existing  data  and  additional  control:  ed 

data  which  have  been  gathered  have  not  been  calibrated  either 
relative  to  each  channel  nor  on  an  absolute  basis.  Relative  calibration 
will  permit  the  comparison  of  the  scattering  coefficient  between  channels 
capability  which  Is  required  to  validate  models  and  to  allow’ 
the  development  of  automatic  recognition  techniques.  More  Important  how- 
sccuAJ"  calibration  which  will  permit  the  determlnitloi ’o? 

values  of  scattering  coefficients  as  a function  of  the  SAR  operat- 
Ing  parameters,  wavelength  and  polarization. 

Research  Is  necessary  In  digital  data  analysis  techniques  which 
show  promise  of  being  able  to  extract  additional  Information  from  the 

should  also  be  started  o^technlJlL 
which  can  be  used  to  machine  process  and  to  apply  automatic  recognition 
techniques  to  the  large  amount  of  data  which  will  be  obtained  from  operational 
SAR  sensors  should  they  prove  to  have  sufficient  utility  ^ lonal 
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ABSTRACT 


The  Large  Area  Crop  Inventory  Experiment 
(LACIE)  is  a joint  venture  of  the  U.S.  Depart- 
ment of  Agriculture,  the  National  Oceanic  and 
Atmospheric  Administration  of  the  Department  of 
Commerce,  and  the  National  Aeronautics  and  Space 
Administration.  It  is  a "proof  of  concept"  pro- 
ject designed  to  demonstrate  the  applicability 
of  remote  sensing  technology  to  monitor  globally 
an  important  world  food  crop  - wheat.  This  paper 
discusses  the  need  for  more  timely  and  reliable 
monitoring  of  food  and  fiber  supplies,  reviews 
the  monitoring  systems  currently  utilized  by  the 
USDA  and  United  Nations  Food  and  Agriculture 
Organization  in  the  United  States  and  in  foreign 
countries,  and  elucidates  the  fundamentals 
involved  in  assessing  the  impact  of  variable 
weather  and  economic  conditions  on  wheat  acreage, 
yield,  and  production.  The  experiment's  approach 
to  production  monitoring  is  described  briefly, 
and  its  status  is  reviewed  as  of  the  conclusion 
of  2 years  of  successful  operation.  Examples  of 
acreage  and  yield  monitoring  in  the  Soviet  Union 
are  used  to  illustrate  the  experiment's  approach. 

A Look  to  the  Future  describes  the  LACIE  transi- 
tion program  through  1981,  consisting  of  an  orderly 
transfer  of  proven  technology  from  LACIE  to  an 
operational  system  within  USDA.  and  to  an  expand- 
ed program  that  will  culminate  in  the  mid-to-late 
1980 's  and  which  will  adapt  LACIE  technology  to 
the  monitoring  of  other  important  food  and  fiber 
commodities.  The  needs  and  directions  for  a 
sustained  level  of  research  and  development  to  sup- 
port this  global  monitoring  system  are  described. 
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1 . INTRODUCTION 


The  production  of  food  and  fiber  has  been  a principal  occupation  of  mankind 
throughout  history.  Produce-  from  food  and  fiber  crops  is  subject  to  large 
and  irregular  fluctuations.  The  within-year  and  year-to-year  variations  of  the 
world's  agricultural  output  are  largely  determined  by  factors  beyond  man's  con- 
trol. Although  there  is  little  hope  of  eliminating  or  even  substantially 
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of  wheat  in  the  United  States  is  some  20  million  metric  tons  per  year.  In  1976, 
U.S.  farmers  produced  approximately  60  million  metric  tons  of  wheat.  Although 
the  depletion  of  these  surpluses  will  depend  largely  on  the  size  of  this  year's 
crop  in  the  Union  of  Soviet  Socialist  Republics  (U.S.S.R.)  and  possible  short- 
falls of  production  in  Europe  and  the  People's  Republic  of  China,  the  anticipated 
U.S.  export  market  of  some  26  million  tons  will  leave  a significant  carryover. 
Storage  is  costly  and  an  abundance  of  reserves  can  lower  the  market  price.  Favor- 
able weather  in  the  1975-1976  crop  year  created  a USDA  projection  for  a 1976-1977 
decline  in  U.S.  wheat  trade  and  a leveling  off  of  grain  prices  [1] . In  1976, 
prices  of  exported  wheat  declined  from  almost  $4  per  bushel  in  January  of  1976 
to  $3  per  bushel  in  January  1977,  a decrease  of  25  percent  (2). 

The  relatively  large  U.S.  wheat  carryovers  in  1976  were,  in  part,  the  result 
of  its  farm  program  being  aimed  at  meeting  increasing  foreign  demand.  Since  crop 
failures  in  the  U.S.S.R.  resulted  in  massive  Soviet  grain  purchases  from  the 
Unites  States  in  1972  and  1973,  total  world  grain  acreage  has  increased  about 
3 percent  and  the  world  grain  production  has  increased  approximately  16  percent. 
The  U.S.  wheat  acreage  harvested  for  export  has  been  increased  some  16  percent 
since  1969.  However,  carryovers  cannot  be  relied  upon.  Ever-increasing  popula- 
tions will  require  an  ever-increasing  food  supply,  leaving  smaller  reserves  in 
the  future  (fig.  2). 

In  some  years  reserves  have  declined  to  a fraction  of  the  historic  demand. 

In  1974,  world  reserves  dwindled  to  an  eunount  equivalent  to  27  days  of  consump- 
tion. In  this  situation,  timely  information  relevant  to  anticipated  supply  is 
also  crucial.  Without  reliable  and  timely  crop  demand  and  supply  information, 
moratoriums  on  grain  sales  designed  to  protect  our  national  interests  can  be 
costly,  particularly  if  none  is  necessary.  A case  in  point  is  the  1975  moratorium 
which,  in  retrospect,  was  unnecessary  and  caused  foreign  customers  to  turn  to 
other  more  reliable  markets  and  cost  the  U.S.  farmer  in  export  sales.  Tradeoffs 
between  reserves  and  costs  must  be  made  in  accordance  with  both  nationalistic 
and  humanistic  considerations.  Such  decisions  would  be  greatly  facilitated  by 
timely  and  reliable  information  regarding  global  wheat  supplies.  It  is  this 
context  of  steadily  increasing  global  demand  and  variable  supply  that  has 
historically  defined  and  more  recently  brought  attention  to  the  need  for  a global 
food  and  fiber  monitoring  system. 

In  addition  to  the  economic  factors  discussed  above,  the  major  factors  which 
influence  the  variability  in  the  supply  are  meteorological  factors  such  as  drought 
and  winter  kill.  Because  these  situations  can  develop  at  any  period  during  the 
growing  season,  forecasts  of  both  acres  for  harvest  as  well  as  yield  and  produc- 
tion will  become  more  reliable  for  a region  as  harvest  time  nears.  However,  the 
significant  factors  affecting  production  also  affect  decisions  to  plant,  germi- 
nation, emergence,  and  acres  removed  from  production.  These  impacts  can  be 
determined  in  some  cases  quite  early  in  the  crop  year.  For  example,  in  the 
U.S.S.R.,  significant  winter  wheat  acreage  is  often  abandoned  because  of  winter- 
kill.  The  decision  to  abandon  this  acreage  and  plant  it  as  a summer  crop  or  allow 
it  to  remain  fallow  is  made  in  early  spring.  Because  the  northern  and  southern 
hemisphere  regions  are  out  of  phase  by  6 months,  decisions  to  plant  and  to  harvest 
wheat  are  being  made  at  staggered  intervals  thoughout  the  year  (fig.  3).  A 
global  food  information  monitoring  system  could  assess  the  impact  on  production 
of  these  meteorological  situations  and  make  them  known  in  time  to  influence 
planting  decisions  in  the  United  States,  Canada  and  the  exporting  countries  of 
the  Southern  Hemisphere.  Such  information  could  lead  to  an  early  establishment 
of  realistic  wheat  price  and  so  influence  a variety  of  decisions. 

In  recent  years,  various  organizations  formed  to  study  the  world  food  situ- 
ation have  recognized  this  strong  need  for  a global  food  and  fiber  monitoring 
system.  In  a report  to  the  Congress  by  the  Comptroller  General  of  the  U.S. 

General  Accounting  Office  (GAO)  (3J,  it  was  stated  that  "...Forecasts  of  wheat 
and  corn  acres  harvested,  yields,  domestic  demands,  exports,  carryovers  and 
prices  have  not  been  sufficiently  accurate  in  recent  years.  . .The  Department 
(USDA)  has  taken  some  actions  to  improve  its  forecasting  and  GAO  proposed 
others.  . ."  The  World  Food  and  Nutrition  Study,  National  Academy  of  Science  [4], 
made  the  following  recommendation:  "It  is  recommended  that  research  be  under- 

taken towards  the  development  and  implementation  of  a capability  to  repetitively 
monitor  the  status  of  the  world's  critical  food  producing  regions  and  provide 
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early  warning  of  potential  shortages  in  production.  It  is  further  reconunended 
that  a continuing  supporting  research  and  technology  program  be  organized  to 
develop  future  improvements  for  later  incorporation  into  subsequent  versions  of 
an  initial  monitoring  system."  A similar  resolution  for  implementing  an  early 
warning  system  was  made  at  the  1975  World  Food  Conference  in  Rome,  Italy,  in 
which  an  "urgent  need  for  a world-wide  food  information  system  was  cited.  It 
was  recommended  that  such  a system  identify  areas  with  imminent  food  problems 
and  monitor  world  food  supply  and  demand  conditions.  Specifically,  it  was 
recommended  that  "a  global  information  and  early  warning  system  on  food  and 
agriculture"  be  established  under  the  Food  and  Agriculture  Organization  (FAO) 
of  the  United  Nations  (U.N.);  with  initial  emphasis  on  wheat,  rice,  coarse 
grains,  soybeans,  and  livestock  products. 

While  no  comprehensive  economic  theory  exactly  quantifies  the  value  of 
improvements  resulting  from  improved  forecast  accuracies,  an  analysis  of  avail- 
able global  agricultural  information  and  of  the  systems  which  produce  the 
agricultural  statistics  provides  some  insight  into  the  question  of  the  required 
performance  of  an  improved  and  acceptable  global  information  system.  World 
supply  estimates  are  a compilation  of  country  supply  estimates  generated  for  the 
most  part  by  the  various  national  agricultural  information  systems.  The  quality 
of  world  estimates,  therefore,  is  a direct  function  of  the  quality  of  the  systems 
in  the  various  countries.  The  estimates  from  this  conglomerate  range  from  timely 
and  reliable  to  nonexistent.  Neither  the  U.S.  Department  of  Agriculture  (USDA) 
nor  the  FAO  is  in  a position  to  generate  sufficiently  timely  and  reliable  supply 
estimates  for  all  commodities  and  countries  where  national  systems  are  unreliable. 
All  too  frequently,  estimates  based  on  past  trends,  sometimes  adjusted  “V 
ment,  are  used  in  lieu  of  objective  sources.  Reports  received  from  the  USDA 
attache"  network  often  end  up  being  the  primary  source  of  foreign  infomation 
for  the  USDA  Agricultural  system.  This  is  not  tne  primary  mission  of  the  attacne 
and  few  are  specialists  in  the  collection  or  analysis  of  agricultural  data.  Tne 
primary  factors  to  be  considered  in  evaluating  a world  information  system  are 
objectivity,  realiability , timeliness,  and  adequacy  in  terms  of  coverage,  effi- 
ciency, and  effectiveness.  "An  ideal  system  would  provide  timely  and  unbiased 
interpretations  of  the  current  global  situation  and  an  outlook  based  upon  esti- 
mates of  known  reliability  for  all  commodities  and  countries  through  the  use  of 
the  most  cost  effective  procedures  known  to  mankind." 

A comparison  can  be  made  of  the  output  of  the  FAO  and  the  USDA,  two  organi- 
zations which  currently  operate  world  agricultural  information  systems.  The 
USDA's  world  agricultural  information  system  provides  more  timely  information 
than  that  of  the  FAO.  The  statistical  reliability  of  supply  estimates  i® 
essentially  the  same,  since  both  organizations  rely  largely  on  the  data  produced 
by  national  governments.  The  USDA  releases  estimates  and  r,. 

frequently  than  the  FAO.  The  Foreign  Agricultural  Service  (FAS) 
substitute  their  own  estimates  for  politically  biased  official  national  esti 
mates  when  necessary.  To  date,  the  USDA  system 

ments  of  the  current  situation  and  near  term  outlook  while  the  FAO  is  steadily 
working  to  improve  the  reliability  of  the  estimates  of  supply  through  its  work 
with  member  nations  to  improve  techniques  utilized  by  the  country.  ^|'i®  quali- 
tative analysis  leads  to  the  following  summarization  of  the  primary  character- 
istics of  currently  available  world  agricultural  supply  estimates:  (1)  The 
objectivity  of  estimates  is  largely  a function  of  ^'i® 

mates  released  by  the  host  government.  (2)  The  reliability  of  the  estimates 
larqelv  a function  of  the  methods  used  by  the  nation  to  collect  agricultural 
statistics  and  to  assess  them.  This  varies  significantly  from  country  to  country. 
(3)  Most  national  systems  rank  poorly  in  terms  of  timeliness  of  estimates  o 
supply.  (4)  Adequacy  is  impaired  by  lack  of  uniformity 

terms  of  content  and  geographic  coverage  from  nation  to  nation.  (5)  The  effi- 
ciency and  effectiveness  of  most  national  systems  requires  significant  improve- 
ments. 


*The  following  review  of  the  state  of  the  current  world  agricultural  informa- 
tion system  and  required  improvements  is  in  large  based  on  the  work  of 
John  Schnittker  Associates  as  r.3ported  by  Howard  W.  Hjort  while  a Vice 
President  and  partner  of  the  firm;  H.  W.  Hjort  currently  serves  in  the 
USDA  as  the  Director  of  Agricultural  Economics. 
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The  characteristics  of  current  world  agriculture  supply  impose  profound 
limitations  on  the  accuracy  of  the  current  systems,  not  likely  to  soon  be  resolved. 

A more  quantitative  analysis  can  be  made  of  the  quality  of  these  world 
supply  estimates  if  the  above-mentioned  limitations  are  kept  in  mind.  The  most 
accurate  and  timely  estimates  are  made  for  U.S.  agriculture.  The  Statistical 
Reporting  Service  (SRS)  of  the  USDA  utilizes  probability  surveys  of  acres 
planted,  acres  harvested,  and  the  average  productivity  and  yield  from  acres  har- 
vested. For  example,  winter  wheat  production  estimates  are  made  in  December  and 
May  and  every  month  thereafter  through  harvest  until  the  following  December.  A 
final  estimate  for  that  crop  is  then  made  the  following  December — 1 year 
later.  The  SRS  periodically  sends  questionnaires  to  more  than  lUO  000  U.S. 
farmers  and  follows  up  with  actual  farm  visits  to  survey  more  than  16  000  ran- 
domly selected  sample  sites.  While  these  estimates  are  quite  accurate  at  the 
national  level,  the  statistical  design  does  not  permit  such  high  accuracies  at 
state  levels  and  below.  An  analysis  of  historic  SRS  survey  forecasts  of  wheat 
production  in  comparison  to  the  SRS  final  survey  estimates  indicates  that  at 
the  national  level,  early  in  the  season,  and  prior  to  June  1 (roughly  the  heading 
to  maturity  period  for  U.S.  winter  wheat),  the  SRS  forecasts  of  wheat  production 
were  within  tlO  percent  of  the  final  estimates  in  about  85  percent  of  the  years 
from  1966  to~1975.  The  SRS  estimates  made  after  July  1,  at  harvest,  were  within 
+two  percent  of  their  final  figures. 

To  obtain  such  accurate  estimates  at  the  state  levels  and  below  would 
greatly  increase  the  expense  of  the  existing  SRS  forecast  system.  As  an  alter- 
native, SRS  is  currently  investigating  the  use  of  Landsat  data  as  a cost-effective 
means  of  making  accurate  estimates  at  the  lower  geographic  levels  [5]. 

Historically,  estimates  for  foreign  nations  are  much  less  accurate  than 
estimates  for  the  United  States.  The  most  accurate  of  the  estimates  for  foreign 
countries  are  those  for  Australia  and  Canada,  the  other  two  major  wheat  exporters, 
with  the  USDA  at-harvest  estimates  of  Canadian  wheat  production  being  within 
no  percent  of  the  final  Canadian  figures  in  about  90  percent  of  the  years  from 
1966-1975.  In  Australia,  the  USDA  at-harvest  estimates  were  within  *10  percent 
in  only  80  percent  of  the  same  years.  In  both  countries,  however,  the  preharvest 
estimates  are  much  less  accurate.  USDA  preharvest  estimates  of  wheat  were 
within  ilO  percent  in  roughly  one-half  the  years  in  Canada  and  in  about  one- 
fourth  the  years  in  Australia.  The  estimates  for  the  wheat  crops  of  two  major 
importers,  the  U.S.S.R.  and  India,  were  less  reliable.  The  USDA  at-harvest 
estimates  of  wheat  were  within  *10  percent  in  only  about  one-third  of  the  years 
in  the  U.S.S.R.  and  somewhat  over  one-half  the  years  in  India.  In  most  foreign 
countries,  the  very-early-season  estimates  are  within  *10  percent  in  about 
25  percent  of  the  years. 

The  frequency  and  magnitude  of  these  early-season-to-harvest  differences 
can  be  explained  in  part  by  the  fact  that  the  estimates  assume  in  early  season 
that  historic  trends  in  weather  and  planting  patterns  will  prevail.  Generally, 
these  estimates  are  based  on  reports  by  foreign  governments  of  planted  acreage 
and  the  historic  value  for  average  yields.  Because  the  weather  patterns  differ 
so  widely  from  year  to  year,  the  chance  in  any  one  year  for  weather  conditions 
being  very  near  the  average  (or  normal  weather)  is  not  very  large.  Because 
acres  planted,  the  fraction  of  acres  actually  harvested,  and  the  resulting 
yields  from  the  acres  harvested  are  so  critically  dependent  on  weather  patterns, 
there  is  a correspondingly  small  chance  that  actual  acreage,  actual  yield,  or 
actual  production  will  be  very  close  to  average  or  normal  values. 

This  leads  then  to  a discussion  of  the  precise  manner  in  which  government 
policy,  economics,  and  variable  weather  patterns  affect  the  acreage  planted, 
the  acreage  harvested,  and  the  average  productivity  of  the  harvested  acres; 
i.e.,  yield  for  harvested  acres.  As  a first  step  in  this  discussion,  it  is 
wise  to  review  a bit  of  terminology,  since  often  the  term  yield  is  used  inter- 
changeably with  production;  in  addition,  the  term  acreage  must  be  carefully 
defined  as  to  whether  planted  acres  or  harvested  acres  are  being  discussed. 

In  crops  such  as  wheat,  the  quantity  of  interest  is  tonnage  produced  from  acres 
actually  harvested.  Acreage  planted  but  not  harvested  (abandoned)  for  one 
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reason  or  another,  will  produce  some  grain,  but  of  course  will  not  contribute 
in  the  market  place.  Yield  for  harvested  acres  is  defined  as  average  produc- 
tivity for  the  acres  harvested.  Yield  for  planted  acres  is  defined  as  the 
production  from  harvested  acres  averaged  over  all  planted  acres.  In  contrast, 
biological  yield  is  the  potential  average  production  from  all  acres  planted, 
including  the  lower  yields  from  those  acres  abandoned. 

In  existing  reporting  systems,  the  quantity  of  importance  is  production. 
However,  these  reporting  systems  all  make  separate  estimates  of  acreage  planted 
and  acreage  harvested,  as  well  as  yield,  and  use  these  estimates  of  the  com- 
ponents of  production  to  estimate  production.  In  other  words,  production  is 
inferred  from  individual  estimates  of  acreage  and  yield.  Weather  is  extremely 
variable  over  a geographic  region;  western  Oklahoma  may  be  relatively  dry 
the  eastern  half  can  be  experiencing  favorable  conditions.  To  get  an  acceptably 
accurate  forecast  of  production,  it  is  critical  to  associate  the  right  weather 
y^tth  the  actual  acreage  being  affected.  Where  the  effects  are  so  severe  as  to 
remove  acreage  from  production  as  in  the  case  of  winterkill  or  severe  drought, 
this  reduced  acreage  must  be  accounted  for.  In  the  highly  accurate  domestic 
system  utilized  by  SRS,  this  is  accomplished  through  stratification  of  the 
United  States  into  subregions  (strata)  over  which  the  areal  density  of  agri- 
culture is  rather  uniform.  Within  each  stratum,  samples  of  acreage  are  chosen 
at  random  for  estimates  of  the  acreage  harvested  within  the  ith  stratum  and 
the  average  yield  for  the  harvested  acres.  Since  is  the  average  produc- 
tivity for  this  stratum,  is  given  by 

Y.  = P./A.  (1) 

where  P;  is  the  production  harvested  from  that  stratum.  Given  then  that  Yj^  and 
Ai  can  be  estimated  for  each  stratum  in  the  United  States,  the  production  Pjg 
from  all  harvested  acres  in  the  United  States  is  given  by 

P = V'  Y.  . A.  (2) 

N / j 1 1 

Strata 
in  U.S. 


In  addition,  SRS  publishes  what  is  called  an  average  yield  Y^  for  the  United 
States.  This  average  yield  is  defined,  at  least  in  principle,*  in  the  same 
manner  as  it  is  defined  at  the  stratum  level;  i.e.. 


where  A»i  is  the  total  acreage  harvested  in  the  United  States.  In  terms  of  the 
yields  Y;  and  the  harvested  acres  Aj  observed  at  the  stratum  level,  Yjj  becomes 
an  acreage  weighted  average  of  the  stratum  level  yields.  This  can  be  seen  by 
substitution  of  equation  (2)  into  equation  (3) 


strata 
in  U.S. 


(4) 


From  equation  (4)  then  it  can  be  seen  that  the  yield  for  a country  or  a 
region  composed  of  strata,  cannot  be  estimated  independently  of  the  distribution 
of  harvested  acreage  within  the  country.  That  is,  given  the  forecasts  of  yield 
(yi)?=l  for  the  n strata  within  a country,  one  cannot  estimate  the  yield  for  the 
country  without  also  knowing  the  distribution  (A,l5.i  of  harvested  acreage  within 
the  country.  The  physics  of  these  facts  can  be  demonstrated  by  considering  an 
example  of  a region  consisting  of  two  subregions  as  shown  in  the  example 
following.  In  this  simple  example,  suppose  the  left  half  of  the  region  h. 


•Acreage  and  yielT  estimates  from  the  SRS  probability  survey  are  for  various 
reasons  modified  based  on  information  acquired  from  nonprobability  surveys 
prior  to  their  release.  In  certain  cases  Yj^  and  Pjj  may  be  the  independent 
variables  with  A^  adjusted  to  agree  with  the  ratio  of  P(j  to  Yj^. 


Stratum  1 

Stratum  2 

Yield  » 15  bu/acre 

Yield  “ 30  bu/acre 

Region  R composed  of  two  subregions. 


stratum  1,  has  had  rather  uniform  weather  and  therefore  uniform  yield,  whereas 
stratum  2 has  had  uniform  weather  also  but  different  yield  than  that  experi- 
enced in  stratum  1,  Suppose  further  that  the  growing  conditions  have  generally 
been  better  in  stratum  2 than  in  stratum  1 so  that  yi  is  15  bushels/acre  whereas 
Y2  is  30  bushels/acre.  Now,  suppose  that  a total  amount  of  acreage  A is  har- 
vested in  the  region  R.  Question;  How  much  wheat  is  produced  from  R?  In  fact, 
the  question  cannot  be  answered  by  knowing  only  the  total  acreage  A harvested 
xn  the  region.  In  addition,  the  manner  in  which  A is  distributed  within  the 
region  must  also  be  known.  For  example,  suppose  the  acreage  harvested  from 
stratum  1 is  10  000  acres  and  is  twice  that  harvested  in  stratum  2;  i.e., 

20  000  acres.  The  production  realized  from  30  000  total  acres  for  R will  then 
be 


P = A^y^  t A2y2 


10  000  X 15  + 20  000  X 30  = 750  000  bushels 


and  the  average  yield  for  the  region  would  have  been 


= 750  000  i 30  000  = 25  bushels/acre 


(6) 


However,  suppose  the  opposite  planting  and  harvesting  pattern  had  been  realized 
same  growing  conditions.  That  is,  while  stratum  1 still  had  growing 
conditions  conducive  to  a yield  of  15  bushels/acre  and  stratum  2 had  growing 
conditions  conducive  to  30  bushels/acre,  20  000  acres  were  planted  and  har- 
vested in  stratum  1 and  10  000  acres  were  planted  and  harvested  in  stratum  2. 
Then  the  total  production  for  the  region  R would  have  been  only 


P = 20  000  X 15  : 10  000  X 30  = 600  000  bushels 


(7) 


and  the  average  yield  would  have  been 


= 600  000  30  000  = 20  bushels/acre  (8) 

Thus,  from  this  simple  example  and  the  relation  expressed  in  equation  (4), 
It  can  be  seen  that  the  estimate  of  yield  at  a country  level  is  directly  depend- 
ent upon  the  geographic  distribution  of  acres  actually  planted  and  then  har- 
vested. Therefore,  not  only  must  a survey  system  monitor  the  total  acreage 
harvested,  it  must  also  monitor  the  geographic  distribution  of  the  acres  har- 
vested as  well  as  the  associated  geographic  pattern  of  weather  and  other  growing 
conditions.  In  addition,  the  economics  of  the  region  for  which  planting  and 
harvesting  decisions  ire  being  made  can  also  affect  the  average  yield  since 
economic  factors  to  a large  extent  determine  the  minimum  value  of  the  yield  for 
a field  which  the  farm  operator  makes  a decision  to  abandon  (i.e.,  not  harvest 
the  field).  In  other  words,  the  poorer  the  weather,  the  more  likely  it  is  that 
the  planted  acreage  will  be  abandoned;  however,  the  decision  to  abandon  will  be 
based  to  some  extent  on  the  cost  of  harvesting  in  comparison  to  the  benefits  of 
doing  so. 


Thus,  in  addition  to  the  factors  discussed  earlier,  the  average  yield  for 
harvested  acres  is  critically  dependent  upon  the  degree  of  abandonment.  In  a 
region  with  a marginal  crop,  the  average  yield  per  harvested  acre  would  be  lower 
if  the  farm  operator  decided  to  harvest  all  acres  than  if  a decision  were  made 
to  simply  abandon  the  acreage  with  lower  yields.  These  facts  forge  an  insep- 
arable link  between  yield  and  acreage  and  require  a monitoring  system  which 
monitors  both. 


3.  LACIE,  ITS  PURPOSE  AND  ACCOMPLISHMENTS 
3.1  EXPERIMENT  OVERVIEW 

The  Large  Area  Crop  Inventory  Experiment  (LACIE)  was  Initiated  in  1974  as 
^ of  concept"  experiment  to  assimilate  remote  sensing  technology  developed 
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over  the  previous  decade,  apply  a resultant  experimental  system  to  the  task  of 
monitoring  a singularly  important  agricultural  commodity  over  the  world,  modify 
the  approach  as  necessary  and  conceivable  and,  finally,  demonstrate  the  technical 
and  cost  feasibility  of  global  agricultural  monitoring  systems. 

The  roots  for  LACIE  were  carefully  and  intentionally  established  in  1960 
when  the  Agricultural  Board  of  the  National  Research  Council  recommended  that 
a committee  be  formed  to  investigate  the  potential  of  aerial  surveys  to  pro- 
vide an  increased  capability  to  monitor  agricultural  conditions  over  large 
geographic  areas.  A group  of  interdisciplinary  scientists  was  selected  to  serve 
on  the  Committee  on  Remote  Sensing  for  Agricultural  Purposes  and  by  late  1962 
had  designed  experiments  to  indicate  the  feasibility  of  utilizing  multispectral 
remote  sensing  to  monitor  the  production  of  important  agricultural  commodities. 

An  organized  research  program  was  established  by  the  USDA  and  the  National  Aero- 
nautics and  Space  Administration  (NASA)  in  1965  that  led  in  an  orderly  fashion 
from  the  first  successful  computer  recognition  of  wheat  using  multispectral 
measurements  collected  with  aircraft  in  1966  to:  (1)  the  identification  of  the 

spectral  bands  and  other  design  characteristics  of  the  first  Earth  Resources 
Technology  Satellite  (ERTS)  in  1967,  (2)  a simulation  of  ERTS*  data  from  the  S065 
multispectral  photographic  system  of  Apollo  IX  in  1969,  (3)  the  successful  launch 
of  ERTS  in  1972,  (4)  and  the  successful  feasibility  investigations  in  1972,  1973 
showing  the  utility  of  the  ERTS  system  to  monitor  important  agricultural  crops, 
and  (5)  the  design  and  initiation  of  LACIE  in  1973,  1974. 

LACIE  was  designed  to  estimate  on  an  experimental  basis  wheat  production 
over  important  producing  regions  of  the  world.  Timeliness  and  accuracy  goals 
were  established  in  recognition  of  the  essential  requirements  for  global  agri- 
cultural information.  The  experiment  was  designed  to  establish  the  feasibility 
of  acquiring  and  analyzing  Landsat  data  within  a 15-day  interval.  Importantly, 
the  at-harvest  estimates  were  to  be  within  10  percent  of  the  true  estimate  at 
the  national  level  90  percent  of  the  time.  An  additional  performance  goal  was 
to  determine  how  early  in  the  crop  year  estimates  could  be  produced  and  with 
what  accuracy  and  repeatability.  Additionally,  the  estimates  were  to  be  made 
with  repeatable  and  objective  procedures.  Qualitative  judgments  were  to  be  kept 
to  a minimum.  The  experiment  was  scheduled  to  be  conducted  in  three  phases: 

(1)  In  Phase  I,  the  technology  to  estimate  the  proportion  of  regions 
planted  to  wheat  would  be  implemented  and  tested,  and  similarly  the  technique 
to  estimate  the  yield  from  specific  acreages  would  be  developed  and  tested. 

(2)  In  Phase  II,  the  technology  as  modified  during  Phase  I would  be 
further  tested  over  expanded  geographic  regions  and  modified  as  required. 

(3)  In  Phase  III,  the  modified  technology  would  be  tested  and  evaluated 
over  a still  wider  range  of  geographic  conditions. 

The  experiment  was  made  of  three  major  elements: 

(1)  A quasi-operational  element  to  acquire  and  analyze  Landsat  and  meteor- 
ological data  to  make  experimental  estimates  of  production. 

(2)  An  off-line  element  to  test  and  evaluate  alternative  approaches  as 
required  to  meet  the  performance  goals  of  the  experiment,  and 

(3)  An  element  to  research  and  develop  alternative  approaches. 

The  experiment  has  been  jointly  conducted  by  personnel  from  NASA,  USDA 
and  NOAA  (National  Oceanic  and  Atmospheric  Administration)  of  the  DOC  (Depart- 
ment of  Conanerce) . They  represent  the  many  disciplines  including  physics, 
plant  pathology,  engineering,  agronomy,  statistics  and  mathematics,  soils 
sciences,  economics,  and  plant  physiology,  important  to  meeting  the  objectives 
of  the  experiment. 


•The  ERTS  satellite  was  renamed  Land  Satellite  1 (Landsat  1) . A second  earth 
resources  satellite  Landsat  2,  identical  to  Landsat  1 is  now  in  orbit. 


The  major  components  of  the  quasi-operational  element  of  the  experiment 
include  the  Landsat  and  its  acquisition  and  preprocessing  subsystems,  the  World 
Meteorological  Organization  (WMO)  weather  reporting  system,  the  NOAA  develop- 
ment and  operational  facilities  in  Washington,  D.C.,  and  Columbia,  Missouri, 
regions  and  the  analysis,  compilation  and  evaluation  activities  at  the  NASA 
Johnson  Space  Center  (JSC)  in  Houston,  Texas.  The  experiment  also  draws  sig- 
nificantly in  the  expertise  of  university  and  industrial  research  personnel. 

Because  of  the  complexity  and  importance  of  LACIE,  periodic  technical 
reviews  have  been  held  where  invited  experts  have  reviewed  LACIE  results  have 
discussed  specific  technical  issues  and  have  made  specific  recommendations. 

This  process  has  made  significant  contributions  to  LACIE. 

3.2  THE  LACIE  TECHNICAL  APPROACH 

The  LACIE  approach  utilizes  the  direct  observational  capabilities  afforded 
by  Landsat  together  with  estimates  of  weather  variables  to  estimate  production. 
This  approach  requires  that  each  geographic  subregion  (selected  to  be  relatively 
homogeneous  with  regard  to  wheat  acreage  and  yield)  in  a country  be  monitored 
to  (1)  forecast  the  quantity  of  wheat  acres  available  for  harvest  (both  winter 
and  spring  individually  in  each  subregion) , and  (2)  to  forecast  the  expected 
productivity  for  each  subregion  (yield)  of  the  acres  available  for  harvest.  The 
total  wheat  production  for  each  subregion  is  then  obtained  by  the  product  of 
available  acres  for  harvest  and  yield  for  harvested  acres.  The  production  fore- 
casts for  all  subregions  are  then  sununed  to  obtain  the  country-level  forecast 
as  in  equation  (2) . In  addition,  the  subregional  forecasts  of  acres  for  harvest 
are  summed  to  obtain  a forecast  of  national  acres  for  harvest.  An  average  yield 
for  all  acres  harvested  nationally  is  then  obtained,  which  is  by  definition  the 
acreage  weighted  average  derived  in  equation  (4).  This  acreage  weighted  average 
yield  is  a desirable  estimate  to  have  since,  when  multiplied  by  the  national 
acreage,  it  will  reproduce  the  national  production  estimate.  The  LACIE  stratifi- 
cation and  sampling  approach  shares  similarities  with  the  domestic  approach  uti- 
lized by  the  timely  and  accurate  SRS  survey  system.  The  approach  has  also  been 
adopted  by  the  Canadian  government  and  other  national  governments. 

Within  each  of  the  subregions  described  in  the  opening  paragraph,  Landsat 
multispectral  data  is  collected  each  18  days  from  selected  5*6  n.mi.  segments 
randomly  drawn  from  each  stratum.  Within  each  segment,  wheat  is  distinguished 
from  non-wheat  by  monitoring  the  temporal  development  of  each  field  from  wheat 
planting  through  harvest.  The  areal  percentage  of  wheat  in  each  segment  in 
the  stratum  is  then  estimated  and  thereby  an  average  percent  for  the  stratum 
can  be  determined.  The  average  areal  percent  wheat  can  then  be  multiplied  by 
the  total  agricultural  acreage*  in  the  stratum  to  estimate  total  wheat  acres 
for  the  stratum. 

As  an  example  of  the  information  contained  in  the  sequential  Landsat  cover- 
age consider  the  sequence  of  imagery  shown  in  figures  4a,  4b,  and  4c.  This 
imagery  was  acquired  over  a LACIE  5x6  n.mi.  segment  located  in  Sherman  County 
in  the  northwest  corner  of  Kansas.  Annotated  on  this  sequence  are  selected  wheat 
and  non-wheat  fields.  Note  that  as  the  wheat  begins  to  emerge,  it  appears  on  the 
color-IR  imagery  (computer  generated  trom  digital  magnetic  tapes)  as  a pinx, 
response  indicating  the  increasing  reflectance  in  the  near  infrared  channel 
monitored  by  Landsat.  Following  winter  dormancy,  the  February  imagery  indicates 
that  all  fields  have  survived  the  winter  without  loss  to  winterkill,  although 
there  is  some  bare  soil  spottiness  in  several  of  the  fields.  Note  in  the  March, 
June,  and  July  images  the  wheat  is  of  varying  degrees  of  vigor.  Some  fields 
are  quite  pink  in  the  image  indicating  vigorous  growth,  while  others  are  quite 
inottled  indicating  larg^  areas  with  little  or  no  vegetative  cover.  In  the 
July  1 image,  harvesting  has  begun  in  the  outlined  circular  field  (left  center 
of  image).  In  the  final  image  acquired  only  18  days  later,  the  harvesting  of 
wheat  is  almost  complete  as  indicated  by  the  bright  signature  and  none  of  the 
fields  appear  to  have  been  abandoned.  In  addition,  the  spring  crops  which  had 
begun  to  emerge  in  mid-June  are  now  quite  vigorous  on  the  image. 


*Stratum  agriculture  is  delineated  on  full  ^rame  Landsat  imagery  and  planimetered 
to  determine  total  agriculture  acreage  within  stratum.  Agriculture  is  defined 
to  be  any  area  of  the  image  for  which  field  patterns  are  evident. 
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« *-ho  foilowina  characteristics  of  the  Landsat  estimates 
From  this  sequence  the  ,oted-  (1)  It  is  both  the  spectral  differ- 

of  harvested  wheat  acreag  ^ between  wheat  and  other  crops  which  pe^it 

ences  over  time  . ®t  any  ° acreage  estimated.  The  estimates  are  made  for 
wheat  to  be  identified  i-or-t-ible  (2)  ^^heat  areas  subjected  to  weather  con- 

wheat  that  is  emerged  ‘ acrll^  such  as  represented  by 

ditions  so  harsh  as  to  result  in  disappearing  a«^  Landsat  data,  will  not  con- 
areas  of  bare  soil  or  extremely  sparse  vegetatio^^ 

tribute  to  the  LACIE  estimate  of  Landsat^data  accounts  for  severe  conditions 

estimate  of  production.  In  this  daL  can  be  used  to  monitor  abandonment, 

in  the  production  the  early  winter  (November-December)  time- 

For  example,  if  a field  identified  ®^^;yj“;.;;:ty-February . acreage  loss 

frame  does  not  re-emerge  ^^ly  season,  LACIE  estimates  only  the 

to  this  factor  can  be  identified.  (4)  In  early  se^^  acreage.  Generally, 

detectable  (pink)  wheat  required  before  wheat  acreage  is  detect- 

a minimum  of  20  percent  ground  cove  detectable  by  Landsat  will 

able.  AS  the  season  Progresses  the^wheat^^reage^^^^  emergence,  as  will  the 

L^CirwLa?^creage^forecast.^o  the  Lotal  standing*  acreage  potential  for  har- 
vest. 

« . re«,t.  =.n.in9  .y.«.  .»ch 

base  with  several  years  of  d be  gathered  regarding  potential 

ingly  accurate  and  additional  sequeLe  of  Landsat  imagery  acquired 

yielL  consider,  for  example,  the  iqures  5 a and  b.  Figure  5a 

in  the  Saratov  region  of  the  ^ in  the  1974-1975  crop  season  and  the 

displays  the  sequence  of  5b  is  the  sequence  for  1975-1976 

identities  of  the  lined  fields.  the  effect  of  the  crop 

crop  season.  From  this  ^lAboied  1 and  2 were  fallowed  in  1974-1975  and 

rot^ion  patterns,  .^h®  fields  labeled  1 and  2 w^  1975-1976 

were  planted  to  spring  (field  “3":  ristic  winter  grain  development  cycle 

crop  year.  Field  3 which  had  the  characteristic  win^  ^ g (possibly  corn  or 

in  the  1974-1975  Reason  In  addition  fielL  4,  5,  and  6 show 

sunflowers)  for  the  1575  P . . qrains  (75)  to  winter  grains  (76), 

rp:<=Jr.tis'  sLt.ip. 

to  crop  yield. 

Th«.  is,  sdditlon,  SrS'“ioifrSi°»7:-“?5 

spectral  data  related  to  crop  iigo^  of  the  fields  declines 

s^uence  of  the  Saratov  segment  that  the  apparent  vigor  ^ ^ 

drastically  from  the  May  21  image  ^ drought  The  impact  of  no  moisture 

ticular  area  was  ^'"‘^^'^^oing  a significant  d • the^two  full-frame  images 

is  cleariv  evident  on  this  detailed  tL  U.S.S.R.  Note  the  image 

of  figures  6 and  7 acquired  in  1975-1976  crop  year  with  adequate  soil 

of  figure  6 which  was  LL  Irea  one  year  earlier.  The 

moisture  and  then  the  i"‘®5e  acquired  th^  indicative  of  the  serious 

lack  of  vigorous  response  in  the  19/4  g 

moisture  shortage. 

A.  oi  this  d.t.,  ths  ;-"tro.“iJSr!sISU"d^HSre“Lr.nrJtJL'ri'"‘’' 
quantify  the  reduction  on  ®°“aTref llctance.  Of  course,  if  such 

episodic  events  which  affect  th  of  acreage,  this  could  be  detected 

events  are  severe  enough  to  thra«eage  estimate  would 

in  the  Landsat  data  “j;  . ^ticn.  At  the  present  time,  the  spectral 

decrease  the  estimate  of  to  p extent  of  the  episodic  events  and 

data  is  used  only  to  n«nitor  the  impact  of  these  events  on 

spectral  data  directly  to  estimate  yield. 


5 listing  systemT  measure  total  field  ac~75s  including 

«ill  .xesd  stand.n,  .cr.s. 
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to  the  estimation  of  ^production  is  by^monitorin^'^*^'^^^  contributes  directly 

total  acreage.  ApparLt  from  the  mSltT-vearlmL^  i" 

IS  the  fact  that  there  are  significant  chanLs  sequence  of  figures  5a  and  5b 
within  a segment.  As  discussed  the  arersectio^of^fH^'^^"’ 
changes  affect  yield  also.  In  addition  tr^hlsr^Mf^f 

in  recent  years  a steady  expansion  of  area  there  has  been 

This  trend  is  indicated  in  on^full-Lf^  im  ‘^'^l^ivation  in  the  U.S.S.R. 
acquired  over  the  Kustanay  oblastJ^U^S  T R K Sav“?o??  of  figures  8 and  9 
May  1975.  At  the  scale  of  th^full-f™  Ii^aae  ^ 

land  can  be  seen  to  be  much  larqer  in  197<;  finger  of  agricultural 

level  segments  8243  and  8224  both  show  sianificanl?  ^ detailed  segment 

U.S.S.R.  expansion  in  the  new  lands.  ^ ficant  increases  as  a result  of 

segment,  the  temporal  and"spectral^infomatl^  estimates  are  made  for  each  LACIE 
analyst  to  identify  severa^bScks  o^dl^fw^r^ 

either  wheat  or  noUhelt?  Thfse\?Lkfof''dati"cln^^^  image  as 

then  submitted  to  the  computer  which  readf  thf Hi ? training  areas,  are 
mates  the  statistical  distributions  (orobahnThw  tapes  and  esti- 

fo(^))  of  the  radiometric  (Landsa^pIxeSf  miasL™^ 

wheat  and  non-wheat  training  areas  The  raHi  ents  5f  acquired  within  the 

the  non-training  area  portion  of  the  segment  arrant  measurements  recorded  for 
wheat  or  non-wheat  by  a machine  Drocean?^  ^ automatically  classified  as 
hood  that  the  radiometric  value  I.  of  each  oixel^ia"’  computes  the  likeli- 

tribution  determined  for  wheat  f ix  ) anH  ^ is  representative  of  the  dis- 

>h..t  If  It  i.  „„  rtpJS^intSuii  o?  whLt  r:  s'?*’-,  '*  " '“"-iHta 

wise  Si  is  classified  as  non-wheat  ThLrorobahif,’;  - ^o‘^i>-  Other- 

more  commonly  referred  to  as  signatures  The  »nH  3 functions  are 

machine  analysis  is  an  estimate^ofS 'friction  or^h^".°5’ manually-aided 
within  a segment  corresponded  to  wheat!  ^This  fractional !°!h^  Landsat  pixels 
sent  the  correct  areal  percentaae  of  a.  then  assumed  to  repre- 

Figure  10  is  a display  of TClalfifLatfon  the  5 » 6 n.mi.  segment, 

shown  in  figure  5b.  The  grey  picture  elemeni-a  Saratov  segment 

which  the  computer  classified  as  wheat.  The  infr«m!^°^?  Landsat  measurements 
represent  Landsat  measurements  which  were  dissimii^  ently  occuring  black  elements 
ments  recorded  over  the  traininrirear  An  measure- 

as  white.  aining  areas.  All  other  crop  classes  are  represented 


other  the  fact  that  certain 

®h^°K  measurement  on  field  boundaries  particu^a”?*^^^^  acre,  introduces 
which  have  field  dimensions  on  the  order 'of  agricultural  regions 

LACIE  to  date  have  indicated  tharthrmlior  ® resolution.  Results  of 

small  grains,  particularly  spring  barlev^and  crops  to  wheat  are  certain 

these  confusion  crops  are  in  appreciable  ahimH  sub-regions  where 

small  grains  and  reduced  these^LtimatL  to  wheaf®'  identified  total 

relative  abundance  figures  for  these  crons  «-o  estimates  using  historic 
in  more  detail  in  the  resultrsect!on!*'°^®  discussed 

gression  m^els^whiSh^'utilize^'^weather^^^  through  the  use  of  re- 
ground-based stations  of  the  WMO  netwLk  ^ ThLo  •'he 

to  as  agrometeorological  models.  The  first  aenera^^^^^  referred 

LACIE  are  developed  around  monthly  averages  o^ffm  ^ currently  used  in 

In  the  United  States  Great  Plains^ardstick  w"'’  precipitation, 

wheat  models,  covering  the  12  areas  designated  In  ®*^®hoth  winter  and  spring 

matic  data  base  used  to  derive  the  U S models  is  11.  The  yield  and  cli- 

length.  The  yield  data  is  obtainfn  k,,  f®  approximately  45  years  in 

vested  acreage  and  production  to  obtain^vieTd^^^^K  /•®PVSRS  estimates  of  har- 
individually,  for  both  winltr  and  harvested  acres. 

The  climatic  data  consists  of  monthlv  clims^f^ 'nt" • subregions, 

and  temperature.  These  averages  are^weiah^ed  averages  of  precipitation 

monthly  average  temperature  aL  total  prlcioitation  harvested  to  obtain  the 

wise  linear  trend  is  used  to  modeftie'^tlchno!^^°trend."  ^ P^®®®" 
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covering  33  crop  regions.  These^models  covfr  a ild  regression  models 

U.S.S.R.  whose  wheat  growing  region  spans  over*^f  found  in 

to  south.  Covering  the  33  crop  regions  of^flour«  15  north 

spring  wheat  yield  models.  Winter  wheat  winter  wheat  and  16 

Since  1949,  bith  spring  aAd  winder  Seat  Jfvl  i"  European  U.S.S.R. 

Factors  contributing  to  improved  fields “Pward  yield  trend, 
mechanization,  greater  fertilizer  use  increased  increased 

pesticides.  Winterkill  and  moisture  stress  arr*tio*^m^s*^^°"  *PPli®«tion8  of 
reduce  both  harvested  acreage  and  harvLt  JielLf  weather  hazards  that 

3.3  PHASE  I SYSTEMS  PERFORMANCE 

Landsat  data.  Appro^LL?r2604  acSif required  volume  of 
A total  of  411  of  these  sSeSs  fo™  a segments  were  analyzed, 

the  Great  Plains  yardstick^region.  lected  sample  population  representing 

...pi.  th= 

average  of  30  days  was  reouired  fn  mnwo  = per  day,  5-day  environment,  an 
by  Landsat  through  to  a final  wheat  proDortiTi*'^«*^#-^’^°T  n>CMnent  of  acquisition 

locating  and  eliminating  svstero  and  analv«i=  ^ experience  was  gained 

dramatically  affected  tL  aarly  Sfson  lAClE  aoSi®"®'  analysis  problem 

located  during  the  latter  half  o^PhaseT 

as  such  but  was  erroneously  aggregated  as'wheat  ac?pL»®?„®°’^'^?®*^^'^  classified 
led  to  high  overestimates  of  wheat  acreages  in  hn«-h  early  estimates.  This 

area  reports  until  early  acquisitions  were  reei^ced  and  winter  wheat 

the  end  of  Phase  I,  this  and  eeeer^LreLeifieeef  ®®®®°" 

a final  analysis  of  all  the  Landsat  acauis?^,^  problems  were  corrected,  and 
that  the  at-Lrvest  -suit 

were  m^^  ITlLtl  Phase  I experience,  significant  changes 

ment  c;nducterby""rsLg?l  iTltlTlt  .^"®  ® s®9- 

of  different  analysts  indfviSuauJ  pLfSri^the  opposed  to  having  a siries 

cessing  and  the  evaluation  functiLs  required  to  develoo^and^ machine  pro- 
estimate for  a 5-  by  6-mile  sample  seomeni-  check  a proportion 

an  opportunity  to  develop  an  unLrsta^ing’of  ^ *PP— afforded  analysts 

•n.ly.1.  procedures,  thu.  leading  to  . .c%  .ccu«J3  IS33“j;?iMt“* 

..  op^.e3™?'„:‘?r3i;r3n.‘'23™i‘.‘luof  l3*Sc3*"?*;  -*■  “ 

This  change  was  required  because  of  the  uneer^^°f  different  biowindows, 

of  wheat  at  a specifif  ti^  a^weU  as  a S estimating  the  biowindow 

times  to  differentiate  wheat  from  other  cinfHsion“veJetation?^ 

larger-than-dfsirersLple‘'errord^LIterby^accur^  compensate  for  a 

Full  frame  Landsat  imagery  was  used  to  refiL  assessment  analyses, 

ments  with  no  agriculture  and  reallocating  them^  -ample  frame  by  deleting  seg- 
.rror  ...  d..™3  ..c...i„.,  ?3r?nnfjf, 

di.,no;i.“;;Jn3“3.rr  ““,3.3.”^!“ 

20  segments  was  increased  to  140  Each  blind  complement  of 

personnel  of  the  USDA  Agricultu«l  sSiJJza2lon  ^ 

and  the  identify  of  each  field  is  establLhedt  Conservation  Service  (ASCS) 
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3.4  PHASE  II 

In  Phase  II,  9276  acquisitions  over  1720  segments  were  collected  and  ana- 
lyzed. The  system  was  augmented  with  a computer  parallel  processor  to  support 
the  increased  processing  loads.  In  addition,  the  average  contact  time  required 
for  the  manual  portion  of  the  analysis  of  a sample  segment  was  reduced  from  12 
hours  of  Phase  I to  6 hours,  as  a result  of  more  efficient  analysis  procedures. 

In  order  to  handle  the  increased  data  load,  incurred  by  examining  each 
acquisition,  an  additional  type  of  analysis  routine  was  used.  A "no  change" 
analysis  routine  required  an  analyst  to  overlay  a computer  classification  map 
from  a previous  acquisition  over  a color-infrared  image  created  from  the  new 
acquisition  and  manually  determine  if  a change  of  more  than  2.5  percent  in 
wheat  acreage  had  taken  place.  Given  such  a change,  the  segment  would  be  repro- 
cessed. The  average  time  required  for  this  was  approximately  1 hour.  As  a 
result  of  inadequate  amount  of  wheat  training  data  in  low-acreage  segments,  a 
third  type  of  routine  required  an  analyst  to  manually  interpret  a color— inf rared 
image  made  from  the  Landsat  multispectral  data  and  handcount  wheat  pixels  where 
less  than  five  percent  of  the  sample  segment  was  in  wheat.  The  average  time  for 
this  type  of  analysis  was  approximately  2\  hours. 

In  Phase  II,  the  LACIE  system  was  successful  in  acquiring  and  processing 
the  meteorological  data  from  the  WMO  stations  through  the  yield  and  crop  growth 
models  programmed  on  digital  computers.  Thirty-day  average  values  of  precipi- 
tation and  temperature  were  utilized  in  the  yield  models  in  Phase  II.  Daily 

maximum  and  minimum  temperatures  were  collected  as  inputs  for  the  wheat  growth- 
stage  model. 

LACIE  experimenters  were  particularly  interested  in  the  repeatability  of 
Phase  I at— harvest  results  in  the  Phase  II  crop  year.  Also,  the  question  of 
how  early  and  how  accurate  wheat  production  estimates  could  be  made  prior  to 
near  harvest  was  of  primary  interest.  I addition,  critical  attention  was 
placed  on  an  evaluation  of  how  well  the  yield  models  would  perform  in  foreign 
regions  where  historic  data  was  thought  to  be  of  much  poorer  quality  than  that 

of  the  United  States.  Also  in  question  was  an  issue  of  how  well  the  models 

might  perform  under  abnormal  weather  conditions  that  might  occur  in  some  part 
of  the  United  States,  Canada,  or  the  U.S.S.R.  The  1976  crop  year  did  provide 
a departure  from  normal  weather  patterns  in  the  U.S.  Great  Plains  yardstick 
region.  Except  for  the  months  of  November  1975  and  April  1976  the  crop  year 
was  very  dry . It  should  also  be  noted  that  much  of  the  above-average  November 
precipitation  occurred  at  a time  when  the  crop  was  entering  dormancy. 

Because  of  the  severity  of  the  drought  conditions  during  Phase  II,  LACIE 
established  an  Episodal  Events  Team  (EET)  to  monitor  the  development  and  inten— 
sification  of  the  drought  in  selected  U.S.  regions  that  were  initially  identi- 
fied by  the  use  of  meteorological  data. 

The  objectives  of  monitoring  the  drought  episodal  event  were:  (1)  to 

determine  the  extent  of  the  1975-1976  drought  in  the  selected  regions,  (2)  to 
determine  the  effects  of  this  drought  upon  acreage,  yield,  and  production  of 
wheat,  and  (3)  to  develop  procedures  for  monitoring  drought  using  remote-sensing- 
based  criteria.  The  data  developed  by  the  EET  investigation  were  not  to  be  used 
directly  in  Phase  II  analysis  and  production  estimates. 

The  technical  approach  of  the  EET  involved  the  use  of  Landsat  images  of 
5x6  n.mi.  LACIE  sample  segments,  and  full-frame  (100  x 100  n.mi.)  imagery  at 
9-day  intervals  to  identify  the  drought  area  and  quantify  the  effects  on  the 
wheat  acreage.  Yield  model  simulations  were  run  to  extrapolate  the  effects  of 
the  drought  on  yield  estimates  at  harvest,  assuming  10  and  90  percent  of  normal 
rainfall  for  subsequent  months  and  30-day  forecast.  A survey  of  Landsat  data 
for  improvement  of  distribution  of  rainfall  patterns  in  the  drought  area  was 
done  for  April  and  yield  models  were  run  for  drought-affected  crop  reporting 
districts  (CRDs) . Since  the  data  was  not  operated  in  Phase  II  estimate  opera- 
tions, special  aggregations  using  EET  data  were  performed  for  the  drought  area 
CRDs  by  the  LACIE  Crop  Assessment  Subsystem  to  evaluate  the  utility  of  remote 
sensing  for  monitoring  the  effect  of  the  drought  on  wheat  area,  yield  and 
production  [6,  7]. 
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3.5  ACCURACY  OF  SURVEY  ESTIMATES 

Results  of  LACIE  to  date  are  particularly  encouraging  in  the  winter  wheat 
regions  of  the  world  where,  in  Phase  I and  II,  the  LACIE  survey  estimates  have 
greatly  exceeded  expectations.  The  LACIE  technology  has  produced  en<:;ouraging 
early  and  excellent  mid-season  estimates.  In  addition,  the  winter  vheat  esti- 
mates at  harvest  were  more  than  adequate  to  support  the  90/90  criterion.  In 
fact,  for  the  U.S.  winter  wheat  yardstick  region,  the  90/90  criterion  was 
exceeded  for  the  May  7 and  later  estimates  (fig.  13) . The  May  estimates  were 
based  on  Landsat  data  acquired  through  the  first  week  in  April  (fig.  14) . 
Therefore,  an  operational  system  with  a 14-day  turnaround  could  have  produced 
quite  an  accurate  estimate  in  mid-April,  some  2h  months  prior  to  harvest. 

In  the  U.S.S.R.  winter  wheat  indicator  region  (fig.  15),  all  indications 
point  to  survey  estimate  accuracies  comparable  to  those  in  the  United  States. 
While  the  excellent  yardstick  estimates  are  not  available*  for  comparison  at  the 
U.S.S.R.  indicator  region  level,  the  computed  confidence  of  the  LACIE  acreage 
survey  estimates  indicate  accuracies  supportive  of  the  90/90  criterion. 

Only  one  significant  problem  has  been  encountered  in  the  winter  wheat 
survey  regions.  During  Phase  II,  Oklahoma  and  other  states  of  the  southern 
Great  Plains,  experienced  generally  dry  conditions  through  April  1976.  These 
conditions  created  poor  wheat  stands  and  subsequent  acreage  underestimates.  In 
some  cases,  sparsely  vegetated  fields  were  not  detected  as  "emerged"  acreage  in 
the  Landsat  or  even  the  aircraft-ground-truth  color-infrared  imagery.  The 
April  rains  greatly  improved  the  wheat  stands.  However,  the  drought-altered 
growth  cycle  misled  the  analysts  in  late  season  to  believe  the  late-recovering 
wheat  to  be  a spring-planted  crop.  The  tendency  to  underestimate  wheat  area  in 
Oklahoma  was  not  observed  in  Phase  I,  LACIE  estimates  being  to  within  3 percent 
of  the  SRS.  Episodal  events  such  as  the  drought-altered  growth  cycle  in  Oklahoma 
just  described  are  a part  of  the  learning  process.  As  more  of  these  situations 
are  encountered,  the  technology  will  adapt  to  accurately  estimate  their  impact 
on  agreage,  yield,  and  production.  Phase  III  will  see  a greatly  enhanced  episode 
monitoring  effort. 

The  results  of  2 years  in  the  U.S.  northern  Great  Plains  and  one  year  in 
Canada  vfi?^.  16,  17),  indicate  a greater  tendency  to  underestimate  spring 
wheat  acreage  than  is  seen  for  winter  wheat.  However,  this  tendency  is  not 
observed  in  the  U.S.S.R.**  for  either  spring  (fig.  18)  or  winter  wheat.  As 
was  identified  at  the  end  of  LACIE  Phase  I,  some  spring  small  grains  cannot  yet 
be  reliably  differentiated  from  spring  wheat  using  Landsat  data  alone.  Spec- 
trally these  crops  are  similar,  as  are  their  growth  cycles.  Therefore,  until 
procedures  could  be  developed  and  tested  in  Phase  II  for  use  in  Phase  III  to 
improve  discriminabillty  of  these  crops,  historic  ratios  of  these  acreages 
were  used  to  reduce  the  Landsat  estimates  of  total  small  grains  to  an  estimate 
of  wheat  acreage.  The  use  of  these  historic  ratios  introduced  additional  error 
into  the  spring  wheat  acreage  estimates,  particularly  in  the  Phase  II  crop  year 
for  which  the  planting  of  wheat  in  preference  to  non-wheat  small  grains  had 
greatly  increased  from  previous  years.  In  many  instances,  the  current  ratios 
were  as  much  as  60  percent  greater  than  the  historic  ones  used  in  LACIE.  This 
was  responsible  for  a significant  amount  of  the  underestimates  of  wheat  acreage 
in  Canada.  There  is,  however,  in  addition  to  the  ratio  factor,  a residual  tend- 
ency to  underestimate  spring  small  grains  acreage  in  the  United  States  and 
Canada.  This  is  verified  by  the  comparisons  of  the  Landsat  estimates  to  ground- 
observed  small  grains  acreage  in  the  LACIE  blind  sites.  The  increased  under- 
estimation of  the  spring  grains  acreage  over  the  winter  grains  acreage  is  thought 
to  be  partially  a result  of  the  greatly  increased  tendency  toward  strip-fallow 
practice  in  the  spring  wheat  regions.  Strip- fallow  fields,  small  compared  to 

*The  FAS  estimates  shown  in  figure  15  are  derived  from  country  level  estimates, 
assuming  a fixed  acreage  ratio  between  the  country  and  indicator  region  level  — 
Analysis  of  these  ratios  for  the  past  17  years  indicates  a year-to-year  varia- 
tion in  this  ratio  of  about  5 percent.  The  differences  noted  in  figure  15 
are  statistically  non-significant. 

**The  FAS  estimates  shown  in  figure  18  are  derived  from  country  level  estimates, 
assuming  a fixed  ratio  between  the  country  and  Indicator  region  level  — Analysis 
of  these  ratios  for  the  past  17  years  indicates  a year-to-year  variation  in 
this  ratio  of  about  45  percent. 


the  Landsat  resolution,  are  difficult  to  detect  and  measure  in  the  Landsat 
imagery.  The  absence  of  the  U.S.S.R.  spring  wheat  acreage  underestimation 
problem  may  be  indicative  of  more  stable  year-to-year  ratios  of  spring  wheat  to 
other  small  grains  ratios  (resulting  from  more  stringent  governmental  controls) 
and  a decrease  in  strip-fallow  practice. 


An  additional  dimension  to  the  accuracy  of  the  LACIE  survey  estimates  is 
the  period  in  the  growth  stage  of  wheat  when  the  Landsat  data  is  acquired. 
Generally,  three  distinct  regimes  emerge  in  this  regard:  (1)  An  early  neaeon 

regime  when  a majority  of  the  Landsat  data  used  in  acreage  estimation  was 
acquired  in  the  emergence-to- jointing  period  of  wheat  development,  (LACIE 
Biowindow  1),  (2)  a mid-eeaaon  regime,  when  a majority  of  the  data  was  acquired 

in  the  jointing-to-mature  (green-to-senesence)  period  of  wheat  development, 

(LACIE  Biowindows  2 and  3) , and  (3)  an  at-harveat  regime  when  most  of  the  data 
has  been  acquired  through  harvest  (Biowindow  4) . These  periods  are  indicated 
on  the  abcissa  of  figure  13  and  figures  15  - 18.  Note  that  for  each  country,  the 
acreage  estimates  steadily  increase  through  the  growing  season.  In  the  case 
of  U.S.  southern  Great  Plains  winter  wheat,  the  carly-eeaeon  acreage  estimates 
are  substantially  below  the  final  estimates.  In  fact,  they  are  about  as  much 
below  the  final  estimate  as  the  initial  SRS  acreage  estimates  (dashed  line)  are 
above  it.  The  mid-eeaaon  estimates  increase  substantially  and  are  not  signifi- 
cantly different  than  the  final  estimates.  The  at-harveot  estimates  increase 
just  slightly  and  are  somewhat  more  accurate,  i.e.,  more  in  agreement  with 
SRS/FAS  estimates,  than  the  midseason  ones. 

An  analysis  of  ground  truth  and  other  data  shows  that  this  phenomenon  is 
purely  physical  in  nature  and  not  merely  a statistical  artifact.  In  the  early- 
aeaoon  reports,  when  a majority  of  the  Landsat  data  is  acquired  in  Biowindow  1, 
the  wheat  plant  sizes  vary  from  about  an  inch  to  over  a foot  in  height  with 
percentages  of  field  area  in  vegetative  ground  cover  varying  from  almost  none 
to  somewhat  less  than  40  percent.  Observations  from  ground  truth  indicate  that 
fields  with  less  than  20-percent  vegetative  ground  cover  do  not  provide  a suf- 
ficiently "pink"  response  on  color-infrared  Landsat  imagery.  That  is,  sparsely 
vegetated  fields  are  not  discernablc  as  vegetation  by  the  analyst.  Since  the 
analyst  procedures  call  for  the  identification  of  detectible  wheat  (as  opposed 
to  an  estimate  of  wheat  planted)  these  early-eeaaon  estimates  are  low,  a result 
of  incomplete  emergence  of  all  wheat. 

By  mid-oeaaon,  the  wheat  has  completely  emerged  and  the  LACIE  acreage 
estimates  agree  quite  well  with  ground  truth. 

Regarding  the  performance  of  the  first-generation  yield  models  employed  in 
LACIE,  2 years  experience  with  the  models  and  tests  of  them  over  10  years  of 
historic  data  indicate  adequate  performance  in  estimating  wheat  yields  at  the 
national  levels  of  those  countries  for  which  adequate  historic  and  current 
meteorological  data  are  available.  At  levels  below  the  national  level,  inves- 
tigations have  shown  a need  to  improve  the  LACIE  yield  model's  response  to 
extreme  weather  conditions.  In  South  Dakota  for  example,  1975-1976  was  an 
extremely  dry  year  with  wheat  yields  estimated  by  SRS  to  be  only  eight  bushels 
per  acre.  The  South  Dakota  yield  model  estimated  17  bushels  per  acre  and  would 
have  estimated  13  bushels  per  acre  even  if  zero  values  for  precipitation  had 
been  entered  into  the  model  throughout  the  year.  The  tendency  to  perform 
unrealistically  in  extrei.  e conditions  is  common  to  overly  simple  crop-yield- 
model  forms  whic)i  do  nol^  adequately  reflect  the  response  of  the  plant  to  its 
environment.  A second  generation  approach  to  yield  modeling  is  being  evaluated 
for  selected  regions  in  Phase  III.  The  second  generation  models  employ  improve- 
ments such  as  a versatile  soil  moisture  budget  (as  opposed  to  precipitation 
input  alone)  , response  to  moisture  and  temperature  tied  to  actual  development 
state  and  use  of  daily  (as  opposed  to  monthly)  weather  variables.  In  spite  of 
the  difficulties  inherent  with  the  first  generation  models,  they  have  served 
LACIE  well.  In  fact,  from  figure  13,  it  can  be  seen  that  the  LACIE  yields  were 
variable  from  month  to  month.  They  reflected  the  early  dry  season  by  a 
reduction  in  the  yields  followed  by  a corresponding  increase  through  harvest. 
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3.6  PHASE  III  TECHNOLOGY  MODIFICATIONS 

AS  discussed  in  earlier  paragraphs  of  this  For°''^“ 

T“  i:p~».»ent.  i«  ld.na- 

^’infwhe.?  dlrp?tly  tro»  the  Landd.t  5“«.^__PtPcjduro=, 

Improved  “J^*„''‘55veloJ^d!'"’iraddltion,  econometric  models  for  the 

ration 

^5;r„s"e;uii“r  “o^'ihf“?h‘i«i ^“Sir.h?‘nou«iS”?a!"«“n* 
economic' conditiLs!^Inrprevailii^  gove^  p2rStion“g  of 
ii;if  LKfois^ 

homogeneous.  Such  addition,  the^ag-climate  data  compiled  to 

and  thus  more  cost-effective.  . '..g  understanding  of  the  ag-climate 

"llZt  «.  .hm?,  to  correctl, 

classify  crop  acreage  and  estimate  yield. 

I„  Phase  III,  LACIE  -1“  1=*?^ 

cedures;  improvements  based  on  ^ ^ 1 gs  ^gbor  intensive  than 

of  the  experiement.  These  P^°^^dures  ^lU  be  much  less  l 

the  first  generation  The  spectral  differ- 

improved  and  more  repeatable  e arains  and  non-small  grains  as  observ- 

ences  between  wheat  and  non-wheat , smag  invaluable  to  LACIE  analysts 

able  on  multiple  Landsat  f in  orL^Io  train  the  classifier, 
to  manually  identify  wheat  o pities  not  much  use  was  made  of  multi- 

However,  because  of  technical  g°d  estimates  during  Phase  II.  A 

temporal  «Pectral  developed  over  an  18-month  interval  is  being  imple- 

revamped  analysis  approacn  aeve  p . exoerience  and  learning  of 

mented  in  Phase  III.  The  ^PPp°®^  ' , ^ jj  ^g  designed  to  be  more  automated 

researchers  in  LACIE  through  ^^ase  I a^^II.^is^designe 

and  to  take  advantage  of  th  ,-inie  for  seoment  analysis  has  been  steadily 

Landsat  data.  Analyst  "contact  time  for  II  and  a pro- 

declining  from  about  12  ^°“ts  in  pgw ' procedures , an  efficiency  increase  of 

jected  3 hours  in  Phase  III  , . ^ be  launched  in  the  near  future,  will 

a factor  of  4 from  Phase  I.  resolution  in  comparison  to  Landsat  2. 

have  improved  spectral  range  and  P acreage  estimation  accu- 

This  Should  br^plem^nte^  HI.  These 

racies.  Improved  yield  models  will  included  but  which  are  known  to 

models  include  agronomic  "°^ance  of  these  variables  will  be  made  a 

affect  yield.  In  . reflect  the  changing  importance  of  these 

function  of  crop  growth  stage  to  ref lec  „ UVCIE  will  also  be  monitor- 

different  variables  throughout  the  iJlJa^t  on  yield.  Phase  III 

ing  episodic  events  intensely  on^-generation  sample  strategy.  In 

will  also  include  an  evaluation  of  a secon  g for  Phase  III.  Two 

addition,  the  first-generation  ^^^ategy  is  g ^ Phase  II  segments, 

hundred  U.S.  segments  have  been  utilized  to  improve  the 

The  Landsat  full-frame  data  acquired  in  IE  was  also^utliiz^^  agriculture  and 

sample  frame  by  deleting  segmen  ®.  . . areas  Over  700  such  segments  were 

randomly  reallocating  them  to  “gricultural^areas.^^^^  a stratified 

relocated  in  the  O.S.S.R.  The  tirsc  ^ aiinoations  are  based  on  historic 

random  strategy  where  the  ®*^tata  an  P political  reporting  bound- 

data  only.  These  strata  are  necessarily  confined^to^^  full-frame  imagery, 
aries.  The  second-generation  ®PPlf°  . aevelop  the  strata  and  to 

along  with  climatological  and  soil  strata  Such  an  approach  was 

known  from  the  outset  of  LACp  to  b P , , . ^ sparse.  However,  this 

data,  particularly  in  countries  . “mT  o„W  very  rLently  because  of  the 

Sy““pSt”1  ^ • l"u«  i»upt  Of’li,  .xp.ti.nc  in 

LACIE  now  makes  implementation  of  such  techniques  possible. 
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4.  A LOOK  TO  THE  FUTURE 


As  currently  envisioned,  LACIE  is  a major  step  toward  developing  a remote 
sensing  survey  technology  capable  of  global  food  and  fi.ber  monitoring*  The 
contribution  of  LACIE  will  be  a demonstration  of  "proof  of  concept"  of  this  new 
tecrmology  for  significantly  improving  currently  available  information  on  one 
manor  global  crop  — wheat.  By  the  end  of  LACIE  Phase  III,  it  is  anticipated 
that  the  experiment  will  have  demonstrated  the  utility  of  remote-sensing-survey 
technology  over  several  countries,  will  have  identified  key  areas  where  the 
technology  needs  improvement  and  will  have  brought  the  USDA  advanced  system  to 
a point  of  initial  testing.  At  this  time,  a transition  period  will  be  required 
to  complete,  document  and  transfer  the  LACIE  technology  to  an  evolving  USDA 
system  to  exploit  the  experimental  accomplishments  of  LACIE.  In  this  overa^ 
development,  demonstration,  and  application  program,  focused  on  a global  food 
and  fiber  monitoring  system,  the  next  logical  steps  are  (1)  the  continuing 
refinement  of  the  technology,  and  subsequent  transfer  of  both  skills  and  tech- 
nology to  an  operational  test  system  within  USDA,  and  (2)  the  adaption  of  the 
LACIE  technology  to  multi-crop  food  and  fiber  inventory  applications. 


Early  in  LACIE  Phase  II,  an  effort  was  initiated  to  accomplish  the  transfer 
of  technology  to  the  USDA  for  further  evaluation.  This  effort  is  now  ««  approved 
follow-on  to  LACIE  and  is  officially  designated,  LACIE  Transition.  The  objective 
of  LACIE  Transition  is  the  orderly  transfer  of  proven  technology  to  USDA  facili- 
ties and  personnel.  In  LACIE  Transition,  USDA  will  const'uct  and  operationally 
test  a first-generation  global  information  system  capable  of  producing  timely, 
reliable,  and  objective  estimates  of  the  global  wheat  supply.  LACIE  Transition 
will  begin  with  the  start  of  the  1977-1978  crop  year  and  will  conclude  in  1981. 

As  USDA  begins  an  orderly,  country-by-country  expansion  of  their  operational  test 
system  through  1981,  the  experimental  system  will  be  utilized  to  refine  the  wheat- 
inventory  technology  in  important  wheat  producing  regions  and  to  validate  the 
technology  prior  to  transfer  to  the  USDA. 


In  addition  to  the  transition  efforts,  the  technology  developed  in  LACIE 
will  be  adapted  to  inventory  production  of  other  food  and  fiber  crops.  These 
include  corn,  rice,  soybeans  and  non-food  crops  such  as  forest  and  timber 
inventories.  It  will  also  be  adapted  to  monitor  forage  conditions  within  the 
world's  important  rangeland.  This  increased  capability  could  conceivably  be 
developed  and  incorporated  in  the  mid-to-late  1980 's  in  a second-generation  global 
food  and  fiber  monitoring  system. 


The  goals  of  LACIE,  LACIE  Transition,  and  the  technology  expansion  to  a 
multi-crop  application  will  continue  to  require  a strong  supporting  research 
and  technology  development  effort  within  the  research  community.  In  this 
regard,  LACIE  can  be  considered  as  a paradigm  for  the  multi-crop  application. 

That  is,  estimation  of  production  for  other  crops  will  involve  estimation  of 
the  same  fundamental  elements  involved  in  wheat  production  estimation:  crop 

area,  average  plant  or  producing  unit  population  per  unit  area  and  average 
productivity  per  producing  unit.  It  should  be  emphasized  that  the  estimation 
approach  utilized  to  date  in  LACIE  is  not  the  only  approach  which  can  be  taken 
to  estimating  these  quantities  and  quite  possibly  modifications  of  the  ^CIE 
approach  will  produce  more  an  optimum  survey  approach  for  applications  different 
than  global  wheat  estimation.  However,  all  such  approachc-  will  involve  to  a 
large  extent  the  same  data  input  and  analysis  systems  required  for  LACIE,  as 
well  as  many  of  the  same  solutions  to  technology  problems. 

To  be  more  specific,  the  LACIE  approach  to  date  has  utilized  primarily 
Landsat  data  to  estimate  wheat  acres  for  harvest  and  primarily  meteorological 
data  to  estimate  the  average  productivity,  or  yield,  for  each  acre  harvested. 

In  a sense,  this  separation  is  artificial.  As  is  pointed  out  in  the  Landsat  spec- 
tral displays  of  figures  5 through  7,  there  is  much  information  in  the  spectral 
data  relating  not  only  to  total  acreage  but  also  to  the  plant  population  density 
within  the  acreage.  There  is,  in  addition,  information  relating  to  plant  condi- 
tion and,  thus,  average  yield.  Plant  characteristics  which  can  be  measured  well 
in  advance  of  harvest  are  known  to  be  correlated  with  final  yield  as  well  as  the 
environment  of  the  plant.  Therefore,  a model  which  includes  the  effects  on  yield 
of  not  only  the  plant’s  environment  but  also  its  physical  characteristics  (heighth 
and  stand  density)  from  which  early  yield  estimates  based  on  soil  moisture  may  be 


/ 

made  [11]  will  be  a significant  improvement  over  models  utilizing  only  meteor- 
ological data.  Potential  quantitative  connections  through  modeling,  involve 
efforts  which  relate  leaf  area  index  to  evapotranspiration  [12],  leaf  area 
duration  to  yield  and  leaf  area  index  to  Landsat  spectal  response  [13]. 

With  the  advent  of  thermal  sensing  on  Landsat  C,  additional  information  will  be 
available  which  is  a potential  predictor  variable  for  crop  yields  [14]. 

Conversely,  meteorological  data  also  contains  much  information  relevant 
not  only  to  average  productivity  but  also  to  planted  and  harvested  acreage. 

For  example,  the  LACIE  early  season  estimates  of  emerged  acreage  are  a fraction 
both  of  the  total  planted  and  that  expected  to  be  harvested.  This  fraction 
within  a segment  is  related  to  the  average  growth  stage  within  the  segment 
which  is  in  turn  strongly  related  to  the  segment  temperature  and  precipitation 
history.  Therefore,  in  early  season,  the  LACIE  estimates  of  emerged  acreage 
could  be  used  in  a regression  model,  involving  both  temperature  arid  precipita- 
tion inputs,  to  predict  the  total  acreage  to  emerge  at  a later  date.  The 
emerged  detectable  acreage  is,  of  course,  also  related  to  the  acreage  to  be 
harvested  through  meteorological  and  economic  factors.  Based  on  an  analysis  of 
these  factors,  models  could  be  developed  which  relate  acreage  at  any  one  point 
in  time  to  that  anticipated  for  harvest. 

Considering  then  that  meteorological  and  spectral  data  are  both  strongly 
related  to  total  acres,  plant  population  density,  plant  condition,  and  there- 
fore total  production,  it  is  anticipated  that  the  survey  models  utilized  for 
LACIE  will  evolve  toward  forms  which  simultaneously  account,  in  a more  integral 
fashion,  for  these  effects.  In  such  a form,  the  production,  acreage,  and  yield 
estimators  would  each  involve  predictor  variables  based  on  both  spectral, 
meteorological,  and  even  agronomic  and  economic  data  such  as  fertilizer  applica- 
tion rates,  cropping  practices,  and  prices. 

Another  area  for  development  within  the  near  future  is  improved  sensing 
and  measurement  of  the  basic  predictor  variables  themselves.  To  date,  LACIE  has 
utilized  first-generation  earth-resources  satellites  along  with  meteorological 
data  obtained  from  the  WMO  ground  stations.  With  the  advent  of  the  second-gen- 
eration earth-resources  satellite,  Landsat  C,  and  the  development  of  a capability 
to  utilize  environmental  satellite  data  to  obtain  more  complete  coverage  for 
temperature  and  precipitation  estimates,  the  survey  estimates  should  signifi- 
cantly improve.  The  LACIE  analysis  experience  has  indicated  that  the  Landsat 
data  itself  contains  information  regarding  temperature  and  moisture,  as  these 
factors  are  manifest  in  crop  condition  and  loss  of  vigor  resulting  from  drought 
(see  figures  6 and  7).  Parameters  such  as  soil  moisture  or  alternatively  pre- 
cipitation and  temperature  can  probably  be  more  reliably  and  accurately  esti- 
mated from  a combination  of  Landsat-type  and  meteorological  satellites. 

The  direction  for  the  future,  then,  is  the  development  of  crop-production- 
estlmation  models  based  on  both  agrometeorological  and  spectral  data  which 
account  for  the  influence  of  these  data  on  both  acreage  and  productivity.  In 
addition,  these  models  and  approach  must  be  adapted  to  the  other  major  global 
food  and  fiber  crops.  Improvements  in  survey  estimates  will  also  be  derived 
from  basic  improvements  of  the  predictor  variables  themselves  as  a second-gen- 
eration land  satellites  become  available  and  as  the  use  of  environmental  satel- 
lite data  is  incorporated  along  with  land  satellite  data  to  estimate  these  t 

parameters . 

The  NASA,  together  with  the  USDA  and  the  DOC,  is  already  beginning  to  look 
ahead  and  to  plan  a technology  development  program  required  to  support  the 
future  implementation  of  operational  global  food  and  fiber  monitoring  systems. 

A methodology  to  best  insure  a suitable  technology  base,  together  with  an  ade- 
quate understanding  of  its  use,  needs  to  be  developed  over  the  next  year  or  two 
and  vigorously  implemented  if  its  output  is  to  be  available  for  the  mid-to- 
late  1980's. 
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FIGURE  3.  WORLDWIDE  WHEAT  HARVEST  DATES 
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SHERMAN  COUNTY,  KANSAS.  Segment  1021,  1975-76  winter  wheat 
Landsat  Computer  Imagery  (W-Wheat,  N-Nonwheat). 
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FIGURE  Jib 


SHERMAN  COUNTY,  KANSAS.  Segment  1021,  1975~/6  winter  wheat 
Landsat  Computer  Imagery  (W-Wheat,  N-Nonwheat). 
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FIGURE  ilc.  SHERMAN  COUNTY,  KANSAS.  Segment  1021,  1975-76  winter  wheat, 
Landsat  Computer  Imagery  (W-Wheat,  N-Nonwheat). 


FIGURE  5a.  SARATOV,  U.S.S.R.  Segment  7735,  197l)-75  crop 
Landsat  Computer  Imagery. 
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SARATOV,  U.S.S.R.  Segment  7735 
Landsat  Computer  Imagery 


FIGURE  5b 


FIGURE  6 


SARATOV,  U.S.S.R.,  REGION,  1975-76.  Adequate  Moisture 
Conditions;  full  frame  Landsat  Image. 
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FIGURE  7.  SARATOV,  U.S.S.R.,  REGION,  197'*-75 
full  frame  Landsat  Image. 
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Full  Landsat  Computer  Image 


FIGURE  8.  KUSTANAY  OBLAST 


Full  Landsat  Computer  Image 
figure  9.  KUSTANAY  OBLAST,  U.S.S.R.. 
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FIGURE  14.  THE  DISTRIBUTION  OF  WHEAT  DATA  ACQUISITION  DATES.  Week  by  week  for 
LACIE  U.S.  Southern  Great  Plains  estimates  released  May  7,  1976. 


FIGURE  15.  MONTHLY  COMPARISONS  OF  LACIE  AND  FAS  ESTIMATES  FOR  THE 
U.S.S.R.  WINTER  WHEAT  INDICATOR  REGION,  1975-76  CROP  YEAR. 
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FIGURE  17 . MONTHLY  COMPARISONS  OF  LACIE  AND  FAS  ESTIMATES  FOR 
CANADA  SPRING  WHEAT  REGION,  1975-76  CROP  YEAR. 
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ABSTRACT 

The  President's  National  Energy  Plan  (NEP) 
and  Nuclear  Power  Policy  Statement  of  April  1977 
constitute  landmark  events  in  national  energy 
policy  and  planning.  Effective  implementation 
of  these  plans  will  require  application  of  the 
best  tools  available.  The  potential  contributions 
of  remote  sensing,  particularly  LANDSAT  data, 
have  yet  to  be  clearly  identified  and  exploited. 

These  contributions,  ranging  from  the  near-obvious 
to  the  more  subtle,  appear  to  fall  into  the  following 
five  categories:  (1)  exploration  by  acceleration  of 

the  exploration  process  for  naturally-occuring 
energy-related  materials,  e.g.,  uranium,  oil,  gas; 

(2)  exploitation  by  Improving  the  efficiency  of 
extracting,  processing  and  transporting  identified 
mineral  resources;  (3)  power  plant  siting  by  more 
effective  site  selection  for  power  installations  and 
related  infrastructure  through  improved  assessment 
of  geological  hazards  (fault  identification),  water 
needs/availability,  and  effluents;  (4)  environmental 
assessment  and  monitorina  through  assistance  in 
establishing  environmental  baselines  related  to 
energy  production  and  in  monitoring  deviations, 
e.g.,  CO  monitoring,  strip  mining  and  land 
restoration;  (5)  transportation  infrastructure  by 
providing  improved  mapping  and  monitoring  capability 
to  ensure  design  and  operation  of  most  efficient 
(minimum  energy)  transportation  networks  principally 
for  developing  countries.  The  collective  impact  of 
the  five  categories  establishes  a significant 
relationship  between  the  growing  needs  for  expanded 
but  environmentally  acceptable  energy  production  and 
remote  sensing.  A critical  example  is  the  need  for 
a more  precise  estimate  of  the  U.S.  and  world 
uranium  and  thorium  resources  as  a key  input  into  a 
number  of  crucial  energy  RD4D  decisions.  Environ- 
mental aspects  of  potentially  greatly  enhanced  coal 
extraction  and  utilization  represent  another  area 
for  contribution.  equlrements  for  early  action  on 
remote  sensing  applications  to  uranium  resource 
estimation,  global  CU„  monitoring  and  to  strip 
mining  and  land  restoration  are  eiqphasized. 
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1.  THE  NATIONAL  ENEKCY  PLAN  (NEP) 

The  most  algnlflcanc  recent  event  In  energy  policy  and  planning  haa  been 
the  Issuance  of  the  President's  National  Energy  Plan  which  Includes  the  conse- 
quences of  his  Nuclear  Power  Policy  Statement. 

The  nature  of  the  U.S.  Energy  Problem  has  been  characterized  In  the 
following  terms:  (1)  our  bullt-ln  energy  Infrastructure  Is  based  heavily  on  gas 

and  oil — our  most  scarce  energy  resources — rather  than  on  our  most  abundant 
resource,  coal;  (2)  Che  prognosis  for  the  U.S.  and  the  world  Is  serious  unless 
current  trends  are  significantly  altered,  and  (3)  action  now  will  require 
minimal  life  style  changes.  Continuation  of  the  current  state  of  drift  will  make 
the  ultimate  transition  to  scarcity  and  higher  prices  traumatic. 

The  World-Wide  liquid  hydrocarbon  problem  Is  very  serious,  perhaps  more  so 
than  Initially  realized.  Based  upon  Che  best  available  estimates.  It  appears 
that  demand  for  OPEC  oil  may  exceed  OPEC  productive  capacity  In  the  early  to 
mid-elghtles.  The  upward  pressure  on  world  oil  prices  resulting  from  this 
supply/demand  gap  would  have  serious  International  consequences — both  financial 
(e.g.  balance  of  payments)  and  In  terms  of  U.S.  foreign  policy  Implementation. 

In  response,  the  National  Energy  Plan  objectives  are:  (1)  for  the  short 

term  to  reduce  our  vulnerability  to  an  embargo;  (2)  for  the  mld-cerm  to  weather 
Che  peaking  and  decline  of  world  oil  production;  and  (3)  for  Che  long-term  to 
develop  renewable  sources  for  sustained  economic  growth.  In  all  time  frames, 
the  energy  plan  must  be  equitable,  ensure  healthy  economic  growth,  and  be  kept 
In  harmony  with  environmental  policies. 

The  major  strategies  for  achieving  these  objectives  would  be  to:  (1)  reduce 
energy  demand  growth  from  the  historical  three  percent  to  two  percent  per  year 
by  means  of  conservation  In  all  sectors,  reformation  of  the  utility  rate  struc- 
tures, and  energy  prices  that  reflect  true  replacement  cost;  (2)  conversion  of 
Industry  and  utilities  from  oil  and  gas  to  coal  and  other  abundant  fuels;  and 
(3)  pursuit  of  a vigorous  RU)  program  to  ensure  renewable  resources  to  meet  U.S. 
needs  In  the  next  century. 

These  strategies  will  require  the  following  actions:  (1)  reduce  the 

annual  growth  of  U.S.  energy  demand  to  less  than  two  percent;  (2)  cut  In  half 
the  share  of  U.S.  energy  Imported — from  one-fourth  to  one-eighth;  (3)  reduce 
oil  Imports  from  a potential  level  of  16  million  barrels  a day  to  less  than  6 
million  barrels;  (4)  achieve  a 10  percent  reduction  In  gasoline  consumption; 

(S)  Increase  coal  production  (currently  greater  than  700  million  tons  per  year) 
by  at  least  400  million  tons  per  year  by  1985  (to  soioe  1.1  billion  tons  per 
year);  (6)  Insulate  90  percent  of  U.S.  residences  and  commercial  buildings; 

(7)  Install  solar  hot  water  and  space  heating  In  more  than  2.5  million  homes. 

Implementation  of  these  strategies  has  led  to  a variety  of  measures 
Including  the  "gas  guzzler”  tax,  the  potential  Increased  Federal  tax  on  gaso- 
line, and  the  building  Insulation  and  solar  heating  Incentives  programs. 

More  pertinent  to  remote  sensing  applications  Is  how  these  plans  and  strat- 
egies have  been  reflected  Into  the  ERDA  Ft  78  energy  technology  budget.  Table 
1 shows  the  evolution  from  the  original  Ford  budget  to  the  most  recent  Carter/ 

NEP  budget.  Large  Increases  are  apparent  In  the  nearer  term  technologies  of 
conservation,  fossil  energy,  and  solar  heating  and  cooling,  while  long  term 
technologies  such  as  fusion,  breeder,  and  solar  electric  have  taken  large  cuts. 
Ti.ls  reflects  the  apparently  Increased  emphasis  by  the  NEP  on  the  near  and 
mid-term  problems. 
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Soon  after  LANDSAT  launch,  there  was  much  excitement  about  the  possibility 
of  detecting  characteristic  surface  alteration  postulated  to  result  from  hydro- 
carbo'is  leaking  from  traps  at  depth.  The  so  called  "hazy"  features  described  In 
one  LANDSAT  investigation  report  were  cited  as  promising  evidence  because  of  a 
high  correlation  between  apparent  surface  anomalies  and  underlying  known  petro- 
leum fields.  Subsequent  examination  of  the  evidence  failed  to  substantiate  this 
observation.  Other  studies  In  Wyoming,  Colorado,  Texas,  and  Oklahoma,  seeking 
similar  phenomena,  have  yielded  only  ambiguous  and  somewhat  negative  results. 

The  Issue  Is  still  In  doubt  but  by  no  means  closed.  The  prime  concern  Is  to 
verify  that  escaping  hydrocarbons  actually  can  affect  the  surface  to  produce 
notable  alteration;  until  this  Is  proved,  detection  by  remote  sensing  or  other 
methods  remains  a secondary  consideration. 

Some  Inconclusive  but  suggestive  evidence  that  abnormally  high  levels  of 
methane  can  be  detected  in  the  atmosphere  in  the  vicinity  of  known  petroleum- 
producing  areas  (and  hence  probably  released  from  wellhead  flares  and  processing 
plants)  has  been  reported  by  N.  Del  Grande  of  Lawrence  Livermore  Laboratory 
through  her  analysis  of  Nimbus  (meteorological  satellite)  data  from  Infrared 
sensors.  This  type  of  observation  must  be  tested  over  undeveloped  fields  to 
show  the  presence  of  naturally-released  methane  before  Its  relevance  to  explora- 
tion can  be  established. 

2.1.2  URANIUM.  More  promising  results  from  LANDSAT  and  other  remote 
sensing  systems  are  emerging  through  applications  to  uranium  prospecting, 
especially  In  support  of  the  National  Uranium  Resources  Evaluation  (NURE) 
program.  Recognition  of  some  structural  or  stratigraphic  controls  around 
known  deposits  has  been  described  for  several  localities.  Uranium  ores  asso- 
ciated with  sedimentary  rocks  are  often  accompanied  by  distinctive  alteration 
products — chiefly  hydrated  iron  oxides  and  clay  minerals — subject  to  detection 
by  remote  sensing.  Early  research  on  the  detection  capabilities  of  LANDSAT  data 
for  use  In  exploration  for  uranium  roll-type  deposits  Indicated  that  single 
ratio  techniques  using  LANDSAT  Imagery  were  sensitive  enough  to  separate  hema- 
tltic  stain,  and  that  a combination  of  LANDSAT  R and  R,  , ratios  plus  a 
processing  technique  sensitive  to  vegetative  colof  was  recAmmended  for  detecting 
areas  of  llmonlte.  Successful  detection  of  such  alteration  at  the  Gas  Hills 
(Figure  1),  Crooks  Cap  and  Pumpkin  Buttes  deposits  In  Wyoming  and  at  Cameron  in 
Arizona  Indicate  the  feasibility  of  such  an  approach  In  future  exploration. 
Figure  1 Is  a band  ratio  Image  made  from  band  S over  band  7.  However,  the 
frequency  of  "false  alarms"  at  these  sites  points  to  the  continuing  problem  of 
"separating  the  wheat  from  the  chaff,"  l.e.,  localizing  bonaflde  targets  from 
much  more  widespread  occurrences  of  unrelated  alteration  or  natural  colorations 
In  soils  and  rock.  A sensible  approach  Is  to  Integrate  the  remote  sensing 
observations  with  those  from  airborne  gamma  ray  spectrometers  and  magnetometers 
to  provide  a three  dimensional  array  of  pertinent  data. 

2.1.3  GEOTHERMAL.  It  has  long  seemed  logical  to  fly  sensitive  heat 
detectors  over  broad  areas  to  search  for  surficlal  temperature  and  heat  flow 
anomalies  related  to  near-surface  thermal  sources  during  the  first  phases  of 
exploration.  Sensors  on  aircraft  can  detect  temperature  differences  as  small  as 
0.1  centigrade  while  those  presently  on  spacecraft  will  pick  out  differences 

of  about  O.S  to  1.0°  centigrade  (but  at  much  lower  spatial  resolutions).  An 
example  of  a well-defined  thermal  anomaly  Is  shown  In  Figure  2.  However,  two 
types  of  problems  combine  to  Impose  serious  difficulties  on  the  use  of  remote 
sensors  to  spot  geothermal  anomalies.  First,  the  actual  temperature  differences 
between  the  surface  above  a heat  source  and  the  peripheral  background  Is  usually 
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the  earth  materials.  Such  corrections  require  field  data,  are  often  complex  and 
unreliable,  and  are  time-consuming  and  costly.  In  view  of  this,  doubts  about 
the  use  of  satellite-mounted  thermal  sensors  to  detect  geothermal  anomalies  per- 

“""““lies  (both  in  size  and  temperature  differences) 
will  likely  come  to  light  as  more  efficient  sensors  are  developed.  Aircraft 
mounted  sensor  surveys  may  offer  better  prospects,  provided  promising  regions 
are  initially  chosen  by  other  means. 

2.1.4  COAL  OIL  SHALE.  At  present,  the  location  and  extent  of  most  of 
the  near-surface  deposits  of  these  two  energy  sources  are  quite  well  known  in 
the  U.S.  Remote  sensing  for  these  sources  in  this  country  would  generate  few 
new  supplies.  The  main  application  here  will  center  about  monitoring  their 
extraction  (strip  mining)  and  the  desired  recovery  of  the  environment  thereafter. 

The  situation  may  be  quite  different  in  the  less-explored,  developing 
world.  Exploration  for  coal  and  oil  shale  probably  can  derive  some  limited 
assistance  from  remote  sensing  although  at  present  no  clearcut  model  for  using 
sensed  data  in  the  search  has  been  defined.  Certain  rock  types  tend  to  occur 
stratlgraphlcally  with  coal  and,  in  some  Instances,  might  be  detectable.  Oil 
shale  presumably  has  few  characteristic  surface  manifestations,  although  topo- 
graphic expression  may  be  distinctive.  One  reported  application  of  LANDSAT  has 
been  to  observe  seasonal  changes  in  saline  lakes  (e.g..  Lake  Magadi  in  Africa) 
that  are  modern  counterparts  to  the  depositlonal  and  climatic  environments  of 
the  past  favoring  oil  shale  development  in  order  to  better  understand  the 
conditions  influencing  the  formation  and  distribution  of  these  shales. 

Current  remote  sensing  research  within  the  geological  community  is  concen- 
trating along  two  lines.  First,  the  effects  of  selected,  longer  wavelength 
bands  on  improving  discrimination  and  identification  of  rock  and  alteration 
types  are  undergoing  assessment.  A band  centered  at  1.65  m is  more  sensitive 
to  reflectances  from  rocks  than  from  vegetation,  and  thus  tends  to  subordinate 
Brasses  and  other  plants  on  the  signal  received  from  a mixed 
target.  Differences  among  various,  major  rock  types  also  seem  to  be  accentu- 
ated. Another  interval  located  in  an  atmospheric  window  between  2.15  and 
^ “responds  to  two  important  absorption  bands  centered  around  2.20  m 

will  olck  * detector  encompassing  this  interval 

will  pick  out  both  clay  minerals  (including  some  alteration  products)  and 
carbonates  (limestones)  if  that  Interval  is  divided  into  two  narrow  bands  that 

should  be  distinguishable  from 

each  other  and  from  probably  most  other  rock  types.  Second,  new  approaches  to 
data  processing  appear  to  pinpoint  certain  types  of  alteration,  often  giving 
rise  to  distinctive  patterns  in  alphanumeric  or  photographic  outputs  that  are 
absent  in  standard  renditions. 

2.2  EXPLOITATION 


This  is  focussed  on  improving  the  efficiency  and  safety  of  extracting, 
processing  and  transporting  Identified  mineral  resources.  The  use  of  satellite 
data  products  which  assist  in  locating  geological  structures  and  in  defining  the 
structural  controls  of  mineralization  may  also  aid  in  the  exploitation  of  some 
energy  resources.  Analysis  of  imagery  in  terms  of  structure,  geomorphology  and 
hydrology  may  provide  information  on  possible  railway,  highway  and  pipeline 
routes,  may  assist  in  utilizing  local  transportation  networks  to  their  optimum 
and  in  selecting  new  routes  from  mine  to  processing  plant  or  oil  field  to 
refinery,  and  may  help  in  selecting  locations  for  dams  or  canals. 
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With  the  Increase  in  underground  coal  mining,  LANDSAT  Imagery  has  proven  to 
be  of  unique  value  for  mapping  fractures  related  to  roof-falls.  Color  IR  and 
LANDSAT  Imagery  were  used  for  mapping  fracture  systems  In  areas  of  Illinois  and 
Indiana  where  roof-falls  were  known  to  be  related  to  Intersecting  closely  spaced 
fractures.  Roof-fall  hazard  maps  based  on  the  remote  sensing  data  have  been 
prepared  for  mining  areas  of  this  region. 

The  SKYLAB  multlspectral  photographic  camera  (S-190A)  and  Che  earth  terrain 
camera  (S-190B)^p^gv^^ed  data  valuable  to  surface  mine  planning  and  for  reclama- 
tion activities  , Che  high  resolution  of  these  systems  permitting  surface 

studies  to  be  undertaken  at  scales  of  from  1:250,000  to  1:24,000.  It  was  con- 
cluded chat  Che  SKYLAB  data  could  be  used  In  overall  planning  and  management  and 
for  enforcement  of  regulations  governing  surface  coal  mining  activities. 

The  major  categories  of  strip  mining  properties  (active,  abandoned,  undergoing 
reclamation  and  reclaimed)  could  be  defined.  Vegetation  coverage  could  be 
estimated  closely.  Past  stripping  operations  could  be  Identified,  as  well  as 
coal  seams  per  se,  spoil  banks,  refuse  areas,  ponds,  impoundment  quality, 
hlghwalls,  access  and  haulage  roads,  unmlned  areas  and  some  acid  drainage 
effects.  High  altitude  photography  was  combined  with  the  SKYLAB  Imagery  In 
some  Instances  to  obtain  slope  angles,  not  obtainable  from  the  SKYLAB  data. 

Although,  as  far  as  the  public  record  Is  concerned,  remote  sensing  has  yet 
to  Identify  a new  olly^leld.  It  has  had  success  In  assisting  In  the  development 
of  oil  and  gas  areas.  The  Columbia  Gas  Company  reported  the  use  of  remote 
sensing  in  the  development  of  the  Haysl  gas  field  of  Virginia  and  Kentucky  where 
the  gas  Is  obtained  from  naturally  fractured  sandstones.  Faults  were  located 
through  the  use  of  black  and  white  IR  photography  and  side-looking  radar  (SLAR). 
It  was  determined  that  the  fractures  had  an  average  dip  of  some  80°  Instead 
of  vertical.  Fifteen  wells  were  drilled  Into  the  Intersections  of  the  reservoir 
rock  a^^  the  fractures,  proving  to  be  twice  as  productive  as  the  average 
wells.  In  the  Ellanden  Basin,  a known  petroleum  area  In  the  cloud  covered 
Jungle  of  Irian  Jaya,  SLAR  was  used  to  define  structures  related  to  drainage 
patterns,  to  Identify  volcanic  or  carbonate  rock  terrain  by  distinctive  topog- 
raphy, to  define  specific  deposltlonal  features  and  to  map  a major  structural 
arch.  The  SLAR  Imagery  defined  the  dimensions  of  the  structural  folds  and 
company  geologists  selected  those  folded  structures  which  were  the  more  likely 
to  persist  at  depth.  Identifying  favorable  areas  for  drilling.^ 

Water  Is  essential  to  most  mining  and  benef Iclatlon.  Short^^  reported 
on  serendipitous  ground  water  discoveries  such  as  the  work  by  Goetz  and  others 
In  Arizona  which  Identified  structural  features  In  basalt  caprock  near  Flagstaff 
which  Indicated  favorable  locations  for  drilling  Into  the  cavernous  Redwall 
limestone,  LANDSAT  studies  which  led  to  the  realization  that  the  lavas  on  the 
Shlvnltz  Plateau  filled  old  drainage  In  Moenkopl  shales,  and  mapping  on  the 
Coconino  Plateau  In  conjunction  with  enhanced  LANDSAT  Imagery  which  revealed 
perched  aquifers,  sandstone  lenses  underlain  by  clay  within  the  Kaibab  limestone. 

LANDSAT  data  products  have  also  been  used  to  Identify  likely  sites  for 
earth-filled  dams,  to  locate  glacial  gravel  deposits  for  use  in  road  construc- 
tion and  has  been  effective  In  Identifying  new  transportation  routes.  Remote 
sensing  also  has  applications  for  Identifying  areas  where  erosion  o»y  be  a 
factor,  such  as  defining  stream  channels,  embankments,  arroyos  and  other  features 
related  to  potential  erodablllty.  Such  information  Is  Important  to  planning 
construction  projects  or  for  Introducing  measures  to  reduce  potential  erosion 
In  mining  areas  or  along  access  routes.  A regional  analysis  or  monitoring  for 
potential  geological  hazards  such  as  landslide  prone  areas  or  the  location 
of  fault  traces  Is  Important  for  considerations  of  dams,  pipelines,  tunnels, 
bridges  and  power  plants  associated  with  mining  areas.  This  would  also  Include 
Improved  efficiency  of  hydropower  generation  through  Improved  snow-melt  and 
run-off  predictions. 
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2.3  POWER  PLANT  SITING 

Information  can  be  provided  to  assist  in  balancing  the  conflict  between 
the  need  to  provide  adequate  electric  power  to  meet  regional  requirements  and 
the  need  to  protect  public  safety  and  environmental  quality.  The  relevant  types 
of  data  include  fault  identification,  assessment  of  usable  water  resources  as 
coolants,  assessment  of  land-use  and  ecological  data,  identification  of  possible 
geological  hazards.  Much  of  this  would  apply  to  hydroelectric  plants  (including 
system  design  for  entire  watersheds)  as  well  as  coal  or  nuclear  plants. 
plants  need  to  be  located  within  reasonable  distances  of  centers  of  population 
and  the  various  real  or  imagined  dangers  emphasize  the  need  for  careful  evalua- 
tions of  the  areas  selected.  LANDSAT  imagery  and  aerial  photography  can  provide 
much  of  the  data  needed  to  help  assure  an  abundant  energy  with  due 

regard  to  environmental  factors  and  public  welfare. 


Just  as  remote  sensing  may  play  an  important  role  in  exploration  for  energy 
minerals,  many  of  the  same  techniques  may  be  employed  in  defining  faults  and 
seuiogic  hazards  and  other  phenomena  pertinent  to  selecting  sites  for  power 
plant^  Remote  sensing  also  has  the  capability  of  determining  relevant  informa- 
tion on  topography,  soils,  transportation  routes,  water  supply,  land  use  and 
local  population  distribution.  Analysis  of  remote  sensing  data  also  has  appli- 
cations for  assisting  in  locating  possible  areas  for  the  disposal  of  waste 
materials  and  in  some  instances  may  be  used  to  predict  or  to  monitor  the 
environmental  effects  of  thermal  and  other  effluents  on  regional  hydrology 
and  ecology,  or  the  effects  of  construction  or  dredging  debris  introduced  into 
river  systems  or  coastal  wetlands.  Both  satellite  ima-iery  and  aerial  photog- 
raphy have  applications  to  power  plant  siting,  but  it  is  often  the  case  that 
the  synoptic  scale  of  LANDSAT  imagery  may  identify  If.rge  linear  features,  often 
faults,  that  may  not  be  identified  on  a patchwork  of  aerial  photographs  or  which 
may  be  obscured  at  the  proposed  site  area  by  the  subsequent  local  deposition  of 
sedimentary  materials. 


Wobber  and  Martin^®  have  illustrated  the  remote  sensing  applications 
of  a nuclear  power  plant  siting  methodology  proposed  by  th^^Atomic  Industrial 
Forum  f“  ft®  National  Environmental  Studies  Project.  Wobber  and 

Martin^®  provide  a stage-by-stage  analysis  including  geographic/demographic, 
engineering  and  environmental  considerations. 


LANDSAT  is  unique  in  its  ability  to  locate  water  bodies  such  as  lakes, 
rivers,  estuaries  and  coastal  features,  and  LANDSAT  investigators  have  been  able 
to  significantly  advance  studies  of  surface  hydrology.  The  panoramic  nature  of 
LANDSAT  products  also  adds  a real  perspective  to  hydrologic  data  collected  at 
point  stations  or  from  DCS  platforms,  the  two  sources  providing  valuable  data  on 
lake  processes,  drainage  basin  characteristics  and  changes,  hydrologic  controls, 
hydrodynamics  and  the  distribution  of  snow  and  ice.  LANDSAT  also  provides  a 
basis  for  pertinent  demographic  and  land-use  studies,  such  as  that  compiled  in 
the  Dartmouth  College  Land-Use  investigations  of  the  Northern  Megalopolis  which 
produced  thematic  products  showiji  eleven  separate  land-use  categories  of  a 
three  state  area  of  New  England. 


Specific  site  selection  requirements  include  an  assessment  of  the  natural 
history  of  a proposed  area  to  determine  if  there  are  unique  or  endangered 
species  of  flora  or  fauna.  Remote  sensing  may  often  help  in  defining  the 
boundaries  of  specific  ecological  systems  or  may  locate  similar  areas  nearby 
where  the  specific  species  may  also  exist. 


The  analysis  of  topography,  linears  and  other  geologic  structures  may  be 
undertaken  on  satellite  data  products.  Physiographic  configurations  that  are 
surface  expressions  of  subjacent  structure,  stratigraphy  or  lithology  can  pro- 
vide much  information  related  to  possible  geologic  hazards  in  potential  site 
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sink  hr. if analysis  Of  surface  characteristics  may  indicate  fracture  zones, 
sink  hole  areas,  broad  areas  where  water  might  be  Impounded,  areas  where  land- 
slides  or  slumping  might  occur  or  has  in  the  past,  areas  of  recent  valley  fill 
which  would  preclude  the  establishment  of  major  engineering  projects,  where  an 
earthquake  might  produce  serious  stability  problems  or  where  there  is  evidence 
Of  subsidence. 

Although  the  energy-producing  technologies  of  hydroelectric  power  genera- 
t ion  are  usually  socially  and  environmentally  acceptable  and  do  not  often  raise 
health  and  safety  Issues,  the  location  of  dams  and  the  channelization  of  rivers 
may  effect  entire  drainage  systems,  change  water  levels  in  streams  and  swamps, 
divert  or  capture  water  from  other  drainage  routes  and  otherwise  Impact  man, 
land  use  and  biota.  There  are  many  important  hydrological,  geological,  environ- 
mental and  engineering  problems  inherent  in  hydroelectric  plant  siting  which  may 
be  addressed  through  the  applications  of  renote  sensing  data. 

Similar  to  other  plant  siting,  it  is  Important  to  know  about  faults,  geo- 
logic hazards,  possible  areas  of  flooding,  local  drainage  and  physiographic 
constraints.  In  addition,  hydroelectric  plants  usually  require  reservoir 
storage,  dams,  tunnels,  diversionary  canals  and  other  construction  which  is 
subject  to  careful  geological  analysis.  The  nature  of  soils,  their  water 
content,  the  fracture  patterns  in  bedrock  or  the  dip  and  strike  of  regional 
strata  are  essential  ground  truth  considerations.  There  is,  unfortunately,  a 
long  history  of  dam  and  bridge  failures  because  of  poor  site  selections. 

In  much  of  the  world  the  water  required  for  Irrigation  and  municipal  use 
originates  in  mountainous  areas  as  snowfall.  Remote-sensing-assisted  snowline 
surveys,  estimates  of  snowpack  and  the  use  of  satellite-linked,  data  collection 
devices  may  provide  essential  Information  for  predictive  modeling  of  regional 
run-off  and  stream  flow.  Estimates  of  the  routes,  amounts  and  timing  of  run-off 
is  Important  to  reservoir  management  and  for  allocations  of  water  resources  for 
Industry,  agriculture  and  municipal  supply.  The  reduction  of  standard  error  of 
streamnow  forecasting  through  the  application  of  hydrological  and  geomorpho- 
loglcal  relationships  obtained  from  satellite  Imagery  will  help  optimize  Lwer 
generation  and  reduce  flood  risk.  ^ 

parameters  of  watersheds  for  use  in  models  to  predict  run-off 
e difficult  to  quantify  using  conventional  methods;  however,  remote  sensing 
techniques  may  of J^n  quantify  vegetative,  soils  and  soil  moisture  data  rapidly 
and  economically.  Ten  watersheds  of  the  Chlckasa,  Oklahoma  area  were 
tested  using  LANDSAT  data  techniques,  producing  more  accurate  runoff  coeffi- 
cients than  obtainable  by  conventional  methods.  Similar  tests  were  made  in  a 
dry  season  for  22  subwatersheds  of  the  same  area  where  flood  detention  struc- 
tures had  been  built.  Again,  predicted  values  were  more  accurate  than  those 
produced  by  conventional  methods.  The  New  England  Division,  Corps  of  Engineers 
undertook  a two  year  study  to  assess  LANDSAT  usefulness  in  the  operation^of  its 
water  resources  system  used  in  flood  control.  It  was  concluded  that  real  time 
data  collection  by  LANDSAT  was  ^gth  feasible  and  reliable,  and  far  less  expen- 
sive  than  conventional  methods.  In  the  western  United  States  %#here  snow 
water  is  depended  upon  for  power  generation.  Irrigated  agriculture  and  reservoir 
regulation,  the  importance  of  accurate  runoff  information  from  satellite  obser- 
vations has  been  recognized  by  several  agencies.  An  early  recognized  problem 

and  FoLer25'"‘"’*"‘  snowlines  in  heavily  forested  areas.  Range.  SalLonson 
k report  a simple  method  of  the  overexposure  of  diazo  esochrome 
fn  ! K ! enhancement  of  the  contrast  between  forests  with  and  without 

snow,  which  may  be  used  in  snow  mapping,  and  which  is  Important  to  estimations  of 
seasonal  streamflow  and  for  hydroelectric  power  plant  site  selection. 
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ENVIRONMENTAL  MONITORING  AMO  ASSESSMENT 


This  would  cover  monicorlng  parameters  related  to  health,  safety  and 
environmental  conditions.  Included  are  acid  run-off  from  coal  mining,  thermal 
effects  of  power  plant  coolant  water,  gaseous  and  particulate  effluents  from 
coal-fired  power  plants,  and  the  monitoring  of  strip  mining  and  associated  land 
restoration.  While  much  can  be  done  to  eliminate  or  control,  other  consequences 
of  Increased  electric  power  generation,  the  most  serious  threat  appears  to  be 
the  CU2  produced  by  vastly  Increased  fossil  fuel  combustion  and  Its  possible 
effect  on  global  climate  through  the  greenhouse  effect.  It  would  appear  that 
satellite  based  remote  sensing  could  make  a significant  contribution  to  global 
CU2  monitoring.  Many  of  the  environmental  applications  of  rcjiote  sensing  are 
Included  In  2.1  and  2.3  above. 

2.5  TRANSPORTATION  INFRASTRUCTURE 

Improved  mapping  and  monitoring  could  provide  the  capability  to  ensure  the 
design  and  operation  of  minimum — energy  transportation  networks.  This  concept 
has,  surely,  more  application  to  developing  countries  where  the  Infrastructure 
Is,  for  the  most  part,  not  already  In  place — but  more  about  that  shortly.  Many 
aspects  of  this  remote  sensing  application  are  Included  In  the  discussions  of 
2.1,  2.2  and  2.3  above. 

3.  ENERGY-RELATED  REMOTE  SENSING  FOR  DEVELOPING  COUNTRIES 


In  Che  context  of  the  energy  "crisis"  and  ever-lncreaslng  energy  prices, 
the  plight  of  Che  non-OPEC  developing  world  deserves  some  special  attention. 

Many  of  us  Involved  In  remote  sensing  have  felt  that  developing  countries 
(LDC's)  could  anticipate  a quantum  Jump  In  economic  planning  capability  from 
remote  sensing.  This  Is  due  largely  to  the  relatively  low  level  of  Information 
that  many  developing  countries  have  traditionally  had  to  start  with.  LAMDSAT- 
asslsted  mapping  and  monitoring  can  provide  a tremendous  boost  as  Indicated 
by  a number  of  studies  sponsored  by  the  Agency  for  International  Development 
(AID).'^°  There  Is  little  doubt  Chat  the  same  potential  applies  to  energy 
related  problems  and  Includes  all  of  the  five  aspects  Just  discussed. 

The  non-OPEC  LDC's  spend  lO's  of  billions  annually  on  petroleum  products 
and  fertilizers.  The  discovery  of  oil  and/or  fertilizer  minerals  In  LDC's  would 
go  a long  way  toward  redressing  their  severe  trade  deficits  brought  about  by 
petroleum  price  Increases,  as  well  as  addressing  their  specific  need  Co  signif- 
icantly Increase  energy  consumption. 


Efraln  Friedmann,  World  Bank  energy  expert  stated  In  regard  to  developing 
countries  In  general,  and  to  Latin  American  countries  specifically^'  (in 
part):  "...  the  trade-off  among  developed  countries  between  conserving  energy 

and  Increasing  energy  supplies  Is  not  relevant  to  Latin  America. 


"...  If  Che  reason  Is  to  Improve  the  standard  of  living  of  Its  people.  It 
must  register  high  economic  growth,  which  In  turn  means  It  will  have  to  consume 
more  energy.  Additionally,  since  most  of  Latin  American  energy  Is  used  for 
Industrial  purposes  rather  than  private  transportation  and  home  heating. . .any 
efforts  to  conserve  energy  will  not  only  curb  Its  Industrialization  process  but 
will  slow  down  economic  growth  as  well. 

"Latin  America  must  speed  up  exploration  and  development  of  conventional 
energy  sources. . .the  region  Is  largely  a virgin  area  regarding  exploration  for 
oil  gas  and  coal."  He  also  noted  the  growing  energy  crisis  In  the  rural  areas 
where  some  80  percent  of  energy  Is  derived  from  fire  wood  and  agricultural  waste, 
and  where  these  supplies  are  decreasing  due  to  deforestation.  It  Is  possible 
that  remote  sensing  of  the  biomass  In  such  areas  could  locate  significant 
sources  of  non-conaserclal  fuel  materials  for  local  use. 
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In  recognition  of  iooe  of  the  special  problems  of  developing  countries, 
the  NEP  Budget  for  ERDA  includes  a $6  million  increment  for  non-nuclear  energy 
technology  assistance  to  these  countries.  These  efforts  could  be  aimed  at: 
identifying  and  analysing  the  specific  energy  needs  of  selected  countries; 
exploration  for  indigenous  energy  resources;  appropriate  technologies  to  meet 
rural  and  urban  needs;  large-scale  technologies  such  as  hydroplants,  geothermal, 
and  direct  coal  cosibustion. 

The  fifth  item,  the  design  and  implementation  of  energy-efficient  transpor- 
tation infrastructures,  is  an  opportunity  which  developing  countries,  with  the 
assistance  of  remote  sensing,  should  be  able  to  exploit  much  more  effectively 
than  the  developed  world. 


4.  CONCLUSIONS  AND  RECOMMENDATIONS 

If  we  examine  side-by-side  the  thrusts  of  the  National  Energy  Plan  (NEP) 
and  contributions  which  remote  sensing  might  provide,  it  appears  that  the  five 
points  discussed  before  apply — even  with  more  intensity  than  before.  However, 
there  appear  to  be  three  specific  applications  which  we  would  commend  to  the 
resKjte  sensing  community  as  worthy  of  immediate  pursuit.  Other-  exist,  such  as 
applications  for  geothermal  anomalies  and  hydropower  opt imit vt io' , but  the 
following  appear  to  be  the  major  NEP-related  thrusts: 

First — and  foremost — is  the  acknowledged  need  to  improve  the  accuracy 
of  our  knowledge  of  uranium  reserves  and  resources.  The  nation's  new  nuclear 
power  policy— which  indefinitely  postpones  the  breeder  and  fuel  reprocessing — 
essentially  comnits  us  to  a dependence  on  "once-through"  uranium  for  the  balance 
of  this  century,  and  a role  as  a supplier  of  enriched  uranium  to  that  part 
of  the  world  which  cooperates  in  our  non-proliferation  objectives.  Uranium 
resource  estimates  currently  vary  from  l.S  million  to  3.7  million  tons.  Alaska, 
for  example,  may  well  be  significantly  under-represented  in  these  estimates  of 
U.S.  uranium  resources.  The  directed— and  necessary — re-orientation  of  the 
National  Uranium  Resource  Evaluation  (NURE)  program  will  require  a sharpening  of 
its  uranium  resource  assessment  as  well  as  extending  its  purview  to  include 
thorium  resources.  Interest  in  global  assessments  would  also  increase.  Remote 
sensing  should  have  an  increased  role  in  designating  favorable  areas  for  both 
national  and  international  exploration.  This  should  be  taken  as  a further 
challenge  in  the  remote  sensing  community,  particularly  with  LANDSAT  type  data, 
to  assist  NURE  in  its  now  even  more  difficult  assignment. 

Second,  the  greatly  intensified  use  of  coal  for  electric  power  generation 
may  have  an  impact  on  global  climate  which  makes  imperative  measuring  and 
monitoring  of  CO,  distribution  in  the  atmosphere.  This  should  be  a challenge 
to  NOAA  and  to  the  NASA  Earth  Observations  Program  to  develop  effective  satel- 
lite-borne CO,  instrumentation.  The  sooner  the  better  since  baseline  data 
will  be  needed  in  order  to  measure  change,  regardless  of  which  models  are 
used. 


Thirdly,  the  requested  enactment  of  tough,  uniform  Federal  strip  raining 
legislation  creates  an  opportunity  for  LANDSAT  and  high-altitude  aircraft 
capability  in  the  identification  and  monitoring  of  both  strip  mining  and  the 
effectiveness  of  land  restoration. 

Overall,  it  appears  that  many  of  the  difficulties  in  implementing  the  NEP 
may  be  related  to  various  uncertainties — in  resource  assessments,  in  environ- 
mental parameters,  and  in  the  data  needed  for  regulatory  enforcement.  The 
remote  sensing  capabilities  of  satellites  and  aircraft  represent  powerful,  and 
perhaps  as  yet  under-utilired,  tools  to  reduce  these  uncertainties  and  hence 
facilitate  the  successful  implementation  of  the  NEP. 
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Table  1:  FY  78  NEP  REVISIONS  TO  ENERGY  BUDflKT 


Ford  Budget 
Jan  1977 


Carter/NEP 

^ril  20,  1977  Change 


Conservation 

Fossil  Energy 

Solar  Heating  & Cooling 

Solar  Electric 

Geothermal 

Fusion 

LMFBR 

Nuclear  Fuel  Cycle  & Sal 
Other  Fission 


TOTAL 


Table  II:  REMOTE  SENSING  APPLICATIONS  TO  ENERGY 


exploration 

Uranium 
Oil,  Gas 
Geothermal 


EXPLOITATION 

Extraction 

Processing 

Transporting 

POWER  PLANT  SITING 

Fault  Identification 
Water  needs 
Effluents 


Other  geological  hazards 


environmental  monitoring  and  ASSESSMENT 
Strip  mining  - Land  restoration 
CO2  monitoring 
Acid  run-off 

TRANSPORTATION  INFRASTRUCTURE 
Energy  efficiency  " 

Developing  countries 
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Figure  1:  A band  ratio  image  made  from  band  5 over  7 (5/7)  using  part  of  Landsat 

scene  1013-17294.  In  this  rendition,  the  open  pits  in  the  Gas  Hills  uranium 
district  within  the  Wind  River  basin  of  Wyoming  are  displayed  in  whitish  tones. 
However,  some  surface  manifestations  of  hydrated  iron  oxides  - often  a guide  to 
uranium  roll  deposits  - are  also  presented  in  very  light  tones.  Colir  ratio 
composites  reduce  this  ambiguity.  Color  composites  made  from  principal  components 
analysis  images  show  the  iron  oxides  in  distinctive  colors  separable  from  most 
other  surface  features.  Length  of  imace  corresponds  to  40  km  on  the  ground. 
Courtesy  N.  M.  Short. 
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ABSTRACT 

A simulation  of  imagery  from  the  upcoming  IJVNDSAT-D  Thematic  Mapjier  was  accomplished  by  using 
selected  channels  of  24-channels  aircraft  multispectral  scanner  data.  The  purpose  was  to  simulate 
Thematic  Mapper  30-meter  resolution  imagery  and  compare  its  spectral  quality  with  the  original 
aircraft  MSS  data  and  determine  changes  in  thematic  classification  accuracy  for  the  siimlated 
imagery.  The  original  resolution  of  approximately  7.5  meters  IFOV  and  -simulated  resolution  of 
15,  30',  and  60  meters  were  used  to  indicate  the  trend  of  spectral  quality  and  classification  ac- 
curacy. The  study  was  based  in  a 6.5  .square  kilometer  area  of  urban  lx)s  i\ngeles  having  a diver- 
sity of  land  use. 

The  original  imagery  was  reduced  in  resolution  by  two  related  methods:  pixel  matrix  averag- 
ing, and  matrix  smoothing  with  a unity  box  filter,  then  matrix  averaging.  Thematic  land  use 
classification  using  training  sites  and  a Bayesian  maximum- likelihood  algorithm  was  performed  at 
three  levels  of  standard  deviation  - 1.0,  2.0,  and  3.0  sigma.  Plots  of  relative  standard  devia- 
tion showed  that  for  larger  training  sites,  with  a normal  distribution  of  data,  as  the  resolution 
decreased,  the  distribution  range  of  density  values  decreased.  Also,  as  resolution  decreased, 
classification  accuracies  for  three  levels  of  standard  deviation  increased.  However,  the  indica- 
tion is  that  a point  of  diminishing  returns  had  been  reached,  and  30  meters  IFOV  should  be  the 
best  for  multispectral  classification  of  urban  .scenes. 


A simulation  of  imagery  from  the  upcoming  LANDSAT-D  Thematic  Mapper  had  three  purposes: 

1.)  to  simulate  the  Thematic  Mapper  imagery  using  aircraft  multispectral  scamer  (MSS)  data  by 
image  processing  techniques;  2.)  to  determine  the  spectral  quality  of  the  suiwlated  imagery  by 
conparing  the  spectral  characteristics  of  the  original  imagery  and  simulated  imagery  at  three 
different  resolutions,  including  the  30-meter  Thematic  Niapper  resolution;  and,  3.)  to  determine 
the  accuracy  of  thematic  classification  by  using  a hybrid  Bayesian  maximun- likelihood  classifier 
and  comparing  classification  results  from  the  original  and  simulated  images. 

Since  1972,  the  LANDSAT  satellites  have  been  recording  the  earth  and  its  changes  every  18 
days  for  scientists.  Based  on  the  results  of  research  already  performed,  a second  generation 
satellite  scanner  would  be  very  useful.  The  Thematic  Mapper  is  the  proposed  scanner,  scheduled 
for  launch  in  the  early  1980's  with  lANDSAT-D.  At  the  present  time,  satellite  observations  are 
being  made  at  a spatial  detail  of  one  and  a half  acres  in  four  regions  of  the  electromagnetic 
spectnin.  With  the  Thematic  Mapper,  the  resolution  will  be  increased  to  approximately  one-fifth 
of  an  acre.  The  Thematic  Mapper  will  also  be  more  sensitive  to  electromagnetic  wavelength 
variations.  Because  of  the  increased  sensitivity,  scientists  and  planners  should  be  better  able 
to  accomplish  specialized  applications,  such  as,  identify  surface  materials  in  urbanized  areas, 
detect  differences  in  soil  moisture,  and  better  distinguish  crops  in  areas  of  diversified  farming 
around  the  urban  fringe. 


The  simulation  utilized  aircraft  24-channel  multi.spectral  scanner  data  of  the  Los  Angeles 
area,  flown  November  14,  1973.  The  flight  line  chosen  for  the  Thematic  Mapper  simulation  was 
flown  at  3350  meters  (11,000  feet)  on  a relatively  smog-free  day.  The  quality  of  the  data  was 
acceptable  in  the  visible  and  near  infrared  ranges,  '.lowever,  data  in  the  middle  and  thermal  in- 
frared ranges  were  too  irregular  or  poor  in  quality  to  use. 
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Johnson  Space  Center  (JSC)  reported  that  at  least  three  types  of  noise  could  be  present  in 
the  24-channel  NBS  data:  l«ast  significant  bit  problems  probably  caused  in  the  analog  to  digital 
data  conversion  and  shown  by  an  overabundance  of  even  or  odd  density  values;  drift  and  oscilla- 
tion in  gain;  and,  saturation  at  either  extreme  of  the  density  value  histogram,  indicating  that 
gain  and/or  offset  controls  on  the  scanner  were  set  uiproperly. 

The  scanner  data  used  showed  a thiee  to  one  predominance  of  odd  density  values  over  even 
density  values.  No  periodic  fluctuations  in  data  were  indicated  by  one -dimensional  fourier 
transforms  that  were  performed  perpendicular  to  the  scanlines.  There  was  no  saturation  in 
density  values. 

A signal -to-noise  ratio  test  run  by  JSC  over  300  scanlines  of  the  Los  Angeles  mission  indi- 
cated that  less  tha’’  optimal  ratios  were  present.  Of  the  five  channels  tested  (corresponding  to 
those  used  in  this  simulation)  all  five  showed  ratios  of  between  20  to  1 and  30  to  1.  200  to  1 

is  cons id'  red  an  optimal  signal-to-noise  ratio. 

The  scale  of  each  resolution  cell  or,  picture  element,  was  about  7.5  meters  square.  Even 
though  the  IFCV  of  each  scanner  element  was  2.5  milliradians,  which  means  a resolution  cell  of 

8.4  meters  square  from  an  altitude  of  3350  meters,  there  was  overlap  of  cells,  reducing  the  scale. 
The  actual  scale  of  closer  to  7.6  meters  square  was  figured  from  a conparison  of  the  image  to 

7.5  minute  U.S.G.S.  topographic  quadrangle  sheets,  however,  the  scale  was  rounded  to  7.5  meters 
to  provide  .t  more  workable  set  of  multiples  - 15,  30,  and  60. 

The  selection  of  bands  for  the  Thematic  Mapper  simulation  was  based  on  the  spectral  corres- 
pondence between  the  proposed  LANDSAT-D  Thematic  Mapper  data  and  the  24-channel  aircraft  NbS  data 
(Table  A).  MSS  channel  3 was  not  used  because  the  effect  of  atmospheric  conditions  was  too  strong. 
Channel  12  data  showed  too  much  noise.  The  sensors  for  channels  20  and  21  were  not  operating  cor- 
rectly. Fortunately,  channels  4,  5,  6,  8,  and  9 were  useable.  To  simulate  the  green  band  more 
closely,  channels  4 and  5 were  combined  by  averaging.  The  near  infrared  was  simulated  by  averag- 
ing channels  8 and  9.  Therefore,  the  Thematic  Mapper  was  suiulated  using  three  bands  of  data  - 
green,  red,  and  near  infrared  - with  an  intermittent  range  of  .53  to  .87  microns. 

The  study  area,  in  the  Lincoln  Heights  district  just  northeast  of  downtown  Los  Angeles,  was 
chosen  for  a nunber  of  reasons.  This  1973  flight  was  the  only  low  altitude  MSS  data  available. 
Although  several  flightlines  were  flown  over  the  Los  Angeles  Basin  during  the  mission,  the 
particular  study  area  was  relatively  close  to  JPL  and  contained  a diversity  of  land  use,  including 
residential,  commercial,  industrial,  institutional,  parks,  transportation  networks,  and  vegetation 
(Figure  1).  Shadows  caused  by  steep  slopes  and  tall  buildings  were  avoided  as  much  as  possible, 
while  retaining  the  variety  of  land  use.  The  study  was  centered  along  the  flightline  to  minimize 
s[>atial  distortions  and  lose  of  data  because  of  panorama  effects. 

A land  use  inventory  map  of  the  study  area  was  made  by  air  photo  interpretation  and  field 
mapping.  The  inventory  map  was  used  as  a base  for  identifying  representative  examples  of  each 
land  use  class,  called  training  sites,  for  the  computer  classifier.  The  inventory  map  also 
served  as  a basis  of  visual  comparison  for  the  conputer- generated  classification  maps. 

Land  use  classes  clrosen  for  the  simulation  were:  residential,  commercial,  industrial,  insti- 

tutional, park,  vegetation,  and  undefined.  Residential  included  single-family  houses,  older 
nultiple-family,  multiple -story  houses,  jmd  more  fnodem  multiple-unit  apartment  buildings,  all 
with  varying  amounts  of  domestic  vegetation.  Coranercial  was  for  the  most  part  strip  coninercial 
along  major  streets.  Comer  grocery  stores  within  residential  areas  were  regarded  as  too  small 
and  too  integral  to  the  residential  landscape  to  be  included  with  commercial.  The  industrial 
class  included  railroad  yards,  warehouses,  stockpiles,  and  manufacturing  sites.  The  institutional 
class  included  schools,  hospitals,  and  churches.  Parks  were  public  green  spaces  with  maintained 
grass  and  trees.  Vegetation  included  hillside  growth,  mostly  non-domestic  grasses.  Undefined 
included  freeway,  major  streets,  and  water  reservoirs. 

Land  use  training  sites  - representative  examples  of  the  land  uses  - were  delineated  on  the 
unage.  The  training  sites  were  chosen  so  they  would  define  the  same  area  on  the  ground  regardle  ss 
of  the  resolution.  The  density  values  within  the  training  site  boundaries  are  used  to  compile 
statistics  that  represent  the  land  use  class.  These  spectral  statistics  were  used  by  the  thematic 
classifier  to  find  other  picture  elements  in  the  image  representing  the  same  land  use.  Each  land 
use  class  was  represented  by  one  or  more  training  sites  (Figure  1) : 

Residential  - left  center  and  lower  right 
Conmercial  - two  in  upr>er  left  center 
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Industrial  - i^per  left,  tvo  in  lower  left,  and  lower  right  border 

Institutions  - hospital  in  lower  middle 

Park  - right  center 

Grassland  - two  in  upper  right 

Undefined  - including  freeway  and  major  streets 

Tile  original  7.5  meter  resolution  image  was  reduced  in  soatial  resolution  to  cimiiot-o  tv 

the  resolution  series  of  7.5,  15,  30,  and  60  meters  would  help  indicate  trends  in  snectral 

Itrix'^s^tSng^'S^'averaSnr^’  averaging,  and 

meters  it  was  8 by  8.  All  the  elements  of  the  output  4 by  4 matrix  for  exaimile 
were  given  the  value  of  the  matrix  average  (Figure  2).  Y ix,  tor  example, 

matrix,  the  conputer  algorithm  advanced  to  the  next  matrix  to  averace  its 

?J^srv^a‘'s«^of®7  5*  if  averaged.  The  result  of  the  Leraging 

u meter  resolution  images  for  comparison  fFieure  31  The^ 

a unity  box  filter  and  ?hen  averS"te  mlSf^es  (figure 
snoothing  was  the  result  of  a moving  matrix  that  averaged  elements  within  the 
^^ntfon  average  to  the  center  element.  Following  each  fveraging  operation  ^new 

el^nts  on  the  leading  edge  were  incorporated,  and  another  matrix  average  calculat^  The  out- 
put  unage  was  composed  of  individual  average  picture  elements  which  then  became  thp  inmit  fnr 
matrix  averaging,  the  first  method.  The  sIcoL  Lt^  r^ulted  if  a re?  of?f  sTL  t 

reduction  methods  also  helped  reduce  the  confusion  of  too  much  detail  in  the  7.5  meter  resolution. 

S L t^?lAd  ^ particular  land  use.  The  output  picture  eleLnt  was  then 

of  the  class  training'sires.  " and  standard  deviation  statistics 

deviaaon'df  Isto?  reU  f a)™""''  ion  and  the  standard 

homogeneous  land  use  patterns  with  minimal  strav  Hntc  t*-  ic  t n • .5.^*8  relatively 
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quality  of  the  simulated  imagery  and  evaluate  the  accuracy  of 

oi  ;is  i:s5Si:i"ro‘;eSfoo.  ■'-"«" <*“>  “ ™'"- 

site  percentage  of  a particular  land  use  training 


1 


( 

i 


1 


The  residential  training  site  had  a larger  nunber  of  data  points  that  were  distributed  in 
an  approximately  normal  manner.  With  normal  distributions,  the  computer  classifier  was  capable 
of  accurate  results  as  evidenced  by  the  conparison  plot  (Figure  8).  The  industrial  training 
site,  (Figure  9)  with  a bimodal  distribution  of  density  values,  had  relative  classification  ac- 
curies  that  were  much  lower,  indicating  confusion  with  other  classes.  An  interesting  surge  be- 
tween the  two  60  meter  resolutions  probably  said  more  about  the  smoothing  method  of  resolution 
reduction  than  about  the  relative  classification  accuracy.  A considerably  smaller  city  park 
training  site  showed  more  erratic  results  (Figure  10).  As  the  resolutions  decreased  the  problem 
of  too  f^ew  data  points  showed  as  unreliable  information  on  relative  standard  deviations  and 
relative  classification  accuracies. 

The  low  accuracy  levels  in  the  industrial  training  site  not  only  indicated  a classification 
problem  with  bimodal  distributions,  but  also  indicate  a basic  problem  of  defining  land  use  class- 
es. There  tends  to  be  confusion  between  contnercial,  industrial,  and  institutional  land  uses  in 
thematic  classification  because  the  physical  or  spectral  characteristics  of  a land  use  do  not 
always  divide  as  sharply  as  the  cultural  definitions  of  the  land  use.  For  example,  under  certain 
circumstances,  all  three  land  uses  tend  to  have  am{)le  paved  spaces  adjacent  to  iiuijor  buildings 
which  tend  to  have  large  unlnterrujJted  cxjianses  of  rooftop,  llie  buildings  cast  expanses  of 
shadows,  especially  with  multiple  story  units.  l.arge  areas  of  relatively  homogeneous  materials, 
such  as  pavement,  roofs,  or  shadows  provide  a relatively  narrow  range  of  spectral  response  for 
individual  material,  but  a multi-modal  range  of  response  for  the  training  site.  Therefore,  it 
is  quite  possible  for  training  sites  for  commercial,  industrial,  and  institutional  to  contain 
similar  spectral  characteristics  which  confuse  the  classifier.  Perhaps  the  only  real  solution 
for  improving  the  accuracy  of  classification  for  commercial,  industrial,  and  institutional  land 
use  is  to  insure  that  the  sensor  has  a wide  selection  of  spectral  bands,  each  band  with  a discrete 
wavelength  range  significantly  separate  from  adjacent  bands.  It  is  also  important  to  delimit 
training  sites  with  a fairly  homogeneous  example  of  a class,  but  this  requirement  can  be  diffi- 
cult when  seeking  a site  with  sufficient  data  points. 

In  summary,  for  the  larger  training  sites  with  a normal  distribution  of  data  that  retained 
a significantly  large  numlier  of  picture  elements,  as  the  resolution  decreased,  the  distribution 
of  density  values  in  each  band,  as  shown  by  standard  deviation,  decreased.  Also,  as  resolution 
decreased,  classification  accuracies,  for  three  levels  of  standard  deviation,  increased.  The 
apparent  increased  classification  accuracy  of  60  meters  over  30  meters  may  be  misleading.  For 
large  training  sites  with  an  approximately  normal  distribution,  the  trend  of  the  curve  describ- 
ing relative  classification  accuracy  tended  towards  a significantly  shallower  slope  at  60  meters. 
The  indication  is  that  a point  of  diminishing  returns  had  been  reached,  and  30  meters  should  be 
the  best  for  multispectral  classification  of  urban  scenes. 


* This  paper  presents  the  results  of  one  phase 
l.aboratory,  California  Institute  of  Technology, 
National  Aeronautics  and  Space  Administration. 


of  research  carried  out  at  the  Jet  Propulsion 
imder  Contract  NAS7-100,  sponsored  by  the 
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Matrix  Averaging  Method  for  Reducing  Spatial  Resolution 
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Scanner. 
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FIGURE  1 

fraining  Sites  Outlined  on  MSS  Image 
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FIGURE  3 

Conparison  of  7.5  Meter  to  15,  30,  and  60  Meter  Resolutions  of  Matrix  Averaging  Method 
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FIGURE  4 

Matrix  Smoothing,  then  Averaging  Method  for  Reducing  Spatial  Resolution 
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FIGURE  6 


Classification  Results  for  7.5  Meter  and  30  Meter  Resolutions  (from  the  Matrix  Smoothing  and 
Averaging  Method)  Using  Three  Different  Standard  Deviations. 


7 . S Meter  o • 1 . 0 


30  Meter  o • 1.0 


30  Meter  o • 2.0 


30  Meter  o « 3.0 


FIGURE  5 


Classification  Results  for  All  Resolutitms  (from  the  Matrix  Smoothing,  and  Averaging  Method) 
Using  a Standard  Deviation  of  3.0 
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FIGURE  7 

Comparison  of  Conputer- generated  land  Use  Map  With  land  Use  Inventory  Map 
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FIGURB  8 

Comparison  Plot  Between  Relative 
Classification  Accuracies  for  A 
Residential  Training  Site. 
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FIGURB  9 

Comparison  Plot  Between  Relative 
Classification  Accuracies  For  .An 
Industrial  Training  Site. 
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FIGURB  10 

Comparison  Plot  Between  Relative 
Standard  Deviations  and  Relative 
Classification  Accuracies  For  A 
Park  Training  Site. 
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NOTE 


The  author  unfortunately  undertook  a manuscript  which  was  too  lengthy  for 
I the  11th  International  Symposium  proceedings.  The  paper  in  question,  totalling 

■y-bS  typed  pages,  will  be  referenced  here  as  a NASA  X-document.  Interested 
j readers  are  encouraged  to  write  to  the  author  for  reprint  requests. 

As  such,  only  the  abstract,  conclusion  and  previously  mentioned  reference 
will  be  presented  here. 

Summary  and  Conclusions 

1.  The  ir/red  ratio,  radiance  difference,  VI,  and  TVI  are  sensitive  to  the 
photosynthet ical ly  active  or  green  biomass,  the  rate  or  degree  of  primary  pro- 
duction within  a given  species  type.  Sufficient  green  vegetation  must  be 
present  in  the  canopy  for  the  ir/red  ratio  or  the  related  ratio  techniques  to 
be  useful. 

2.  The  ir/red  ratio,  radiance  difference,  VI,  and  TVI  showed  improved  regres- 
sion significance  over  the  red  or  the  ir  radiances  taken  separately  when 
adequate  amounts  of  green  vegetation  were  present  in  the  canopy. 

3.  Only  slight  differences  were  found  between  the  ir/red  ratio,  radiance  diff- 
erence, VI,  and  TVI  when  regressed  against  the  various  canopy  variables.  The 
radiance  difference,  VI,  and  TVI  were  found  to  be  the  most  useful.  So 
advantage  was  found  for  transforming  the  VI  into  the  TVI. 

4.  The  asymptotic  spectral  radiance  properties  of  the  red  radiance,  ir 
radiance,  ir/red  ratio,  radiance  difference,  VI,  and  TVI  were  evaluated  for  the 
June  data.  The  red  radiance  asymptoted  at  2 to  3 times  lower  amounts  of  the 
canopy  variables  than  the  ir  radiance.  The  ir/red  ratio,  radiance  difference, 
VI  and  TVI  were  found  to  have  similar  symptotic  properties  which  were  a 
function  of  the  red  and  ir  radiance  components'  asymptotic  properties. 

5.  The  regression  significance  for  the  different  ir  bandwidths  of  0.75-0.80, 
0.80-0.90,  and  0.75-0.90  urn  was  evaluated  and  found  to  be  extremely  similar 
when  ratioed  with  the  red  radiance  or  used  in  the  various  transformations. 

6.  The  degree  of  nonlinearity  between  the  red  radiance,  ir  radiance,  ir/red 
ratio,  radiance  difference,  VI,  and  TVI  and  the  canopy  variables  total  wet 

. biomass,  total  dry  biomass,  leaf  water  content,  dry  green  biomass,  and  total 

' chlorophyll  content  were  directly  related  to  the  amount  of  green  vegetation 

present.  The  accumulation  of  standing  dead  vegetation  in  the  canopy  had  a 
linearizing  effect  upon  the  red  and  ir  spectral  radiances  and  the  canopy 
variables . 
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ABSTRACT 


Remote  sensing  was  applied  to  a preliminary  study  of 
suspended  solids  in  the  Requena  Dam.  Aerial  and  terres 
trial  photographs  were  analyzed  by  photointerpretation 
and  microdensitometry.  Field  measurements  and  sam- 
pling were  also  made.  A relationship  between  ground 
data  for  the  concentration  of  suspended  solids  and  the 
transmissibility  of  the  aerial  infrared  film  was  suggest- 


1.  INTRODUCTION 

Remote  Sensing  techniques  (helicopters,  aircrafts  and  satellites  equipped  with  cameras 
and  scanners)  have  been  used  in  studies  of  water  quality,  and  have  been  found  useful  as  a 
complement  of  sampling  and  "in  situ"  data  (physical,  chemical,  biological  and  bacteriological), 
This  combination  and  the  automatic  analysis  of  the  remote  sensor  data  form  one  of  the  more 
complete  and  efficient  methods  for  space -temporal  detection  and  quantification  of  some  para- 
meters as  suspended  solids,  temperature  and  turbidity  which  determinate  the  water  quality. 
Four  sample  points  near  the  edge  were  selected  in  the  preliminary  study  of  the  Requena  Dam. 
The  remote  sensor  was  aerial  color  infrared  photography.  Measured  at  the  sample  points 
were:  pH,  environmental  (%  ) and  water  (G)  temperatures. 

Also  the  sampling  was  made  for  later  chemical  analysis  in  the  laboratory  and  terrestrial 
photography  was  taken. 

The  films  were  analyzed  qualitatively  (by  photointerpretation)  and  quantitatively  ( by  micro' 
densitometry). 


2.  CHARACTERISTICS  OF  REQUENA  DAM. 

The  Requena  Dam  is  located  in  Tepejl  del  Rio,  Edo  de  Hgo.  Long, 
19‘’57’40"  (Figure  1). 


This  dam  is  used  extensively  as  the  agricultural  water  supply  for  the  surrounding  district 
(Distrito  de  Riego  03,  Tula,  Hgo. ).  The  three  most  important  tributaries  of  the  dam  are: 
South;  the  Tepeji  river.  Northeast;  •’he  Salto  channel,  and  Northwest*  the  wastewater  chan- 
nel of  Tepejl  town. 
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3.  AERIAL  PHOTOGRAPHY 

The  aerial  photography  was  taken  on  June  11,  1976  by  a CESSNA  aircraft  of  the  S- 
an  altitude  of  11 000  feet  aproximately  with  a PRAKTICA  LTL  camera  equipped  wkh  infrared 
ektachrome  film  (35  mm)  and  #12  (yellow)+  CC50C-2  filters.  We  were  able  to  obtain  photo- 
graphs from  only  three  sample  points:  1,  II  and  III  (Figures  1 and  2). 


4.  GROUND  - TRUTH  PROGRAM. 

Remote  Sensing  needs  a ground-truth  program  support  in  which  it  is 
at  the  sample  points  the  parameters  of  interest.  The  physical  variables  mentioned  above  were 
determinated  on  June  15,  1976  (Table  I). 

The  difference  between  environmental  and  water  temperatures  was  from  2 pH 

measures  were  in  agreement  with  the  laboratory  results  (see  Table  I).  The  laboratory  analy 
sis  (made  in  the  Institute  of  Geology,  U.N.  A.M. ) of  the  chemical  samples  reports  on  the  fol 
lowlncf  Tables  I and  II):  the  total  solids  (which  were  suspended  in  the  original  sample),  pH, 
fonductivlnl  (C)  and  organic  matter.  The  results  of  the  analysis  show  a similar  water  com^- 
sltion  for  ttie  sample  points  I and  II  but  the  sample  points  III  (D.  F.  wastewater)  and  IV  (at  the 
end  of  Tepeji  river)  show  a very  different  composition,  as  we  expected. 

On  June  15,  1976  the  terrestrial  photography  was  taken  at  the  sample  points  with  PRAKTICA 
LTL  cameras  simultaneously  with  sampling. 

The  following  films  were  used:  normal  and  infrared  ektachrome  (35  mm)  with  UV  and 
#12  (yellow)f  CC50C-2  filters  respectively. 

The  terrestrial  photography  has  great  meaning  in  the  registration  of  the  sample  points 
and  give  us  a guide  for  the  photointerpretation  of  the  aerial  photographs. 

5.  PHOTOINTERPRETATION. 

In  both  types  of  infrared  photographs  we  observed  various  blue  tones  which  were  caus^ 
by  the  different  reflection  from  the  body  of  water,  as  Table  111  shows.  They  were  associated 
principally  to  four  types  of  water  with  different  suspended  solids  concentration  (figure  3). 

The  presence  of  a reddish  tone  observed  in  some  cases  is  probably  associated  with  the 
existence  of  vegetative  organic  matter  in  the  water  of  the  Dam.  The  bottom  effect  was  also 
appreciated. 

6.  MICRODENSITOMETRY. 

The  aerial  and  terrestrial  photographs  were  analyzed  in  an  Ortec  Densitometer  No.  4310* 
The  scanning  line  passed  through  the  sample  points.  The  spectrum  gives  the  transmissibility 
vs  distance  ( see  Figures  4 and  5).  If  we  know  the  position  of  the  sample^int  for  the  aerial 

Photographs  we  can  obtain  the  transmissibility  associated.  The  mean  (Tmax  + Tmin  / 

of  the  transmissibility  in  the  terrestrial  or  ground  photograph  is  r^resentatlve  for  ±e 
comparison  with  the  respective  value  of  the  sample  point  in  the  aerial  photograph.  The  table 
IV  shows  the  transmissibility. 
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7.  RESULTS. 


In  general  terms  the  results  of  the  photointerpretation,  ground-truth  program  and  the 
microdensitometry  agree  with  each  other.  The  alterations  produced  by  the  presence  of 
clouds, spume  and  the  bottom  effect  were  appreciated  with  the  help  of  the  ground  or  terrestri- 
al photography  as  shows  the  Table  IV. 

The  water  color  In  the  infrared  film  coincides  with  the  observations  of  Sadaslvam  (1970) 
for  the  pH  measured. 

The  Figure  6 shows  the  transmlssibillty  for  pairs  of  sample  points  at  the  same  aerial 
photograph.  In  the  first  approximation  a relationship  between  transmisslblllty  and  concen  - 
tratlon  of  total  suspended  solids  is  suggested.  Only  In  the  photograph  with  solar  glitter  we 
see  a different  behavior  (see  Figure  6). 

For  the  three  sample  points  mentioned  a linear  correlation  is  obtained  (Figure  7),  in 
spite  of  the  four  days  of  difference  between  the  aerial  photography  and  the  sampling. 

Similar  relationships  were  obtained  by  other  authors:  (Ruff  et  al,  1972;  Klooster  and 
Scherz,  1974)  between  turbidity  and  total  suspended  solids.  Klooster,  et  al,  worked  also 
for  the  percent  of  reflectance  vs.  turbidity  and  total  suspended  solids. 

The  results  of  this  prellminar  study  have  been  considered  in  the  preparation  of  the  next 
stage.  In  which  we  will  try  to  get  vertical  multlspectral  aerial  photography  simultaneously 
with  sampling. 

For  this  first  work  our  resources  were  very  limited.  Consequently,  our  study  is  still 
incomplete  because  we  need  the  biological  and  bacteriological  samplings  and  also  the  measure 
of  other  physical  and  chemical  parameters  of  interest  for  the  water  quality. 
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FIGURE  2.  AERIAL  PHOTOGRAPHS,  a)  Sample  Points 
1 y II.  b)  Sample  Points  I and  III. 


FIGURE  1.  THE  REQL'ENA  DAM  MAP, 
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FIGURE  3.  PHOTOINTERPRETATION  MAP  OF  THE  FIGURE  2a. 


FIGURE  4.  TRANSMISSIBILITY  OF  GROUND  PHOTOGRAPHY 
For  the  sample  point  I,  the  spectra  of  the  normal  (N)  and 
infrared  (INF)  films  are  shown.  The  arrow  indicates  the 
limit  between  water  and  land. 


FIGURE  6.  RELATIONSHIP  BETWEEN  TRANSMISSIBILI- 
TY  AND  CONCENTRATION  OF  SUSPENDED  SOLIDS  FOR 
PAIRS  OF  SAMPLE  POINTS.  The  letters  a,  b and  c indi- 
cate two  different  scanning  lines  in  the  same  film  F.  26 


FIGURE  5.  TRANSMISSIBILITY  OF  AERIAL  PHOTOGRAPHY 
For  the  same  film  we  have  the  three  scanning  lines  a,  b and 
c.  The  arrows  show  the  respective  sample  points. 
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FIGURE  7.  LINEAR  CORRELATION. 
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TABLE  III.  PHOTOINTERPRETATION 

SAMPLE  PHOTOGRAPH  OBSERVED  TONES  POSSIBLES  CAUSES  OBSERVATIONS 


jjjp  GROUND 

■ AERIAL  “*“N  BLUE^ 


NORMAL  Gr.  BLUE  GREEN-SEA 


C.S.S.  I POSSIBLE  EXISTENCE 

OF  ORGANIC  MATTER 


INF. 

AERIAL 
NORMAL  Gr. 

GROUND 


LIGHT  BLUE 


AERIAL 
NORMAL  Gr. 


IV  GROUND 


VERY  LIGHT  BLUE 

:rial 

Gr.  GRAY 


NORMAL  MILKY  WHITE 


C.S.S.  2 POSSIBLE  EXISTENCE 

OF  ORGANIC  MATTER 
AND  DIFERENCES  IN  D.O 

POSSIBLE: EXISTENCE 
C.S.S.  3 OF  ORGANIC  MATTER, 

DETERGENT  AND  GREASE. 


METALLIC  BLUE 

+ » REDDISH  TONE 

C^S.S.-  SUSPENDED  SOLIDS  CONCENTRATION  (1.2  and  3;  in  increasing 

TABLE  IV.  MICRODENSITOMETRY  (TRANSMISSIBILITY) 

aerial  PHOTOGRAPHY  GROUND  PHOTOGRAPHY  C.S.S. (mg/1) 

SAMPLE  F.26  F. 4 F.5  F.2  F.ll  F.  3 N INF  CH.  A. 

I 18  22  26  10  21  16.5  8 19  242 

II  20.5  / 25  21  26  28  20.5  34.5*  270 
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j ABSTRACT 

I The  use  of  raultlspectral  data  In  design  of  forest 

sample  surveys  using  a computer  software  package, 
J WILLIAM,  Is  described.  The  system  allows  evalua- 

i tlon  of  a number  of  alternative  sampling  systems 

• and, with  appropriate  cost  data,  estimates  the  Im- 

I plementatlon  cost  for  each. 
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1.  INTRODUCTION:  The  Resource  Management  Context 


, Remote  sensing  data  sources.  Including  satellite  data  and  conventional 

! aerial  photography,  as  well  as  direct  measurement  on  the  ground  are  logical  In- 

puts for  both  design  and  Implementation  of  Information  production  systems  to 
; meet  management  Information  needs.  It  is  recognized  that  sampling  plays  an 

^ Important  role  In  generating  relevant  Information  for  managing  large  geographic 

^ populations.  The  central  problem,  therefore.  Is  to  define  the  kind  and  amount 

of  sampling  and  the  place  of  remote  sensing  data  sources  In  that  sampling  system 
I to  do  the  best  possible  Job  of  meeting  the  manager's  Informational  needs. 

_ Perhaps  the  most  significant  recent  event  which  shows  the  Increasing  Impor- 

tance of  Implementing  comprehensive  procedures  for  describing  and  monitoring 
wildland  systems.  Is  the  passage  of  the  Forest  and  Rangeland  Renewable  Resources 
Planning  Act  (RPA)  of  197^  and  related  legislation  such  as  the  Multiple  use- 
Sustalned  Yield  Act  of  I960  and  the  National  Environmental  Policy  Act.  This 
legislation  Is  directed  primarily  toward  management  activities  of  the  US  Forest 
Service,  but  the  Implications  for  other  federal  and  state  agencies  as  well  as 
Industrial  and  non-industrial  private  lands  are  present.  In  particular,  the 
I RPA  specifies  procedures  to  be  followed  In  developing  comprehensive  policies 

(and  programs  with  respect  to  wildland  management  and  requires  frequent  resource 
assessments  to  evaluate  progress  toward  these  ends.  The  necessity  to  consider 
. all  the  varied  uses  and  products  associated  with  these  lands  has  shown  the  need 

I for  extensive  broadly-based  Information  on  a variety  of  wildland  characteristics 

f Including  forests,  range,  fish  and  wildlife,  recreation  and  wilderness,  land, 

^ and  water.  It  Is  not  at  all  clear  what  type  of  Information  production  procedu- 

res will  evolve  to  meet  these  needs,  but  the  strong  Implication  Is  that  sampling 
systems  will  play  a significant  role  and  that  multiple  characteristics  will  be 
of  Interest.  With  this  premise,  a systematic  procedure  for  evaluating  sampling 
alternatives,  where  the  objective  Is  to  estimate  several  parameters.  Is  of 
obvious  Importance. 

A wildland  resource  system  may  be  partitioned  Into  two  Interrelated  sub- 
systems: the  forest  ecosystem  and  the  management  system,  as  shown  In  Figure  1. 
ecosystem  is  the  physical  entity  to  be  managed  and  Is  defined  by  geographic 

This  study  was  funded  by  NASA  Contract  9-li»552 
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represent  the\anagement^system^^°Both*^mav^b^'^“i control  the  ecosyst.^m 
subsystems.  In  Pl|ure  1 thrrnana^em^nr^  f composed  of  a number  of 

ecosystem  primarily  through  the  Information  Interacting  with  uhe 

treatments.  It  Is  the  Informat  1^  svstem  direct  applications  of 

decision-makers  with  the  estimates  of  ournsn?  ^ pol ley-makers  and 

management  decisions  may  be  made  and  annnonni  conditions  so  that  Informed 
system.  Sampling  systems  are  locleniiv^i  treatments  applied  to  the  eco- 

atlon  systems  as  prlmarrinformafion  implemented  within  the  scope  of  InforL 
framework  which  mCstT  kepf  ?n  mlnS  l^nVan^?"  operating 

systems  to  meet  the  Informational  neeL  of  maJagers  survey 


METHOD : 


Formulation  of  the  Multivariate  Survey  Planning  Model 


IncreaslnS  emPhasl^orLlt ivarlatrsMpfiJg''ap^  management  and  the 

formal  planning  mechanism  Is  needed  to  evident  that  a 

techniques  and  procedures  to  be  used  and  Improve  the  selection  of 

approach  to  providing  such  a SLhInJsi  fo^l nf i objectives.  One 
planning  model  developed  In  this  stJdy.  J^dred  fiqyn  d is  the 

using  a popula-.lon  representation  derived  from  a Planning  model 

merits  taken  over  a 25,000  acre  test  sit(>  in  Orn-  sample  of  photo  measure- 

not  spatially  referenceran^wariLf In  Canada.  The  model  was 

timber  volumL  In  th^presenr^iScat^on  / estimation  of 

model  Is  derived  and  multi varlate^enUma*-?  ^ apatlally-referenced  population 
nlns  Model  Is  formCLS  a^r^ool  foi  use 

to  sample  a particular  population  fr.  Inferences  about  how  best 

needs.  Its  objective  iHo  ^duce  are^afnaf^^"  multivariate  Information 
=y.te„a  o„  an  an.l^.a-ar  pop"a?SJraJ?r“"'- 

spectral  dStl  co»Mned'«l?rsc5J  ?o^  multi- 

parameters  to  be  estimated  brthe  sImJf7sur5er  o°"  resource 

would  be  an  estimate,  or  prediction  of  th#*  im^i  result  of  the  analysis 

alternative  sampling  systL  ^en  implementation  cost  for  each 

Inference  can  be  made  as  to 'which  alternatlve^p^ovld^®  fh*’  ^ alternatives, 

.ay  to  sample  the  population  fro.  .Men  th,'po?;u;;i” 

»od.iT"°,;;''°rJr?rTJ*'LrthrioSufi;."r  *"  pi-Mn* 

and  other  data, reflects  the  real^wnnid  n ^®P''®sentatlon  based  on  satellite 
that  inferencefabouraltSrnat!irsamni?nS“^  sufficient  realism 

population  to  be  sampled  This  hvoothe^Vf  valid  for  the  actual 

required  to  test  It  would  be  iLrae?^^!?  f “"t®«ted  since  the  data 

where  Information  Is  scarce  and ^subject ^to°ereat ‘ precisely  In  cases 

an  Important  tool.  Second  the  nenfor-inan/.  uncertainty  that  sampling  Is 

the  cost  of  Implementing  ^glJen  alternative'"!!^^®  ®^’"®'’"atlve  systeL  Is 
with  constraints  on  system  performance  liads  to^the  combined 

model  for  the  allocation  of  effort  Thl!  formulation  of  a particular 

minimum  cost  for  Informational  requl^i^!!"  !!  !?!  measure,  which  Is  actually 
survey  design.  * ments  , is  widely  used  In  sample 

Implemented  on  a CDC  7600  computer’  Ma1or  in!n?  *tnown  as  the  WILLIAM  package, 
file  and  associated  class  !!atlsUcs  !s  ’ f <=la3s  assignment 

for  ,uu™.uy.,  .„d  a PP.tl.^\““2?a4Sd:d'‘la„“l?S'-?^a,^lr“;-a!SrSJ5;;5'S“ 

“Tnirful  PPPP‘*fP"  «Hh  . d.,a 

Of  a.talllt.  multlapaotral  data  ualng‘’;.taSuan"d‘“dUoKS“?  iLTyl"  T^^‘“ 


classification  procedures.  In  the  most  common  application  each  element,  or  cell, 
In  the  map  Is  assigned  to  a particular  land  use  or  vegetation  type,  e.g.,  water, 
urban,  bare,  hardwood  forest,  conifer  forest,  etc.,  based  on  the  spectral  data 
recorded  for  the  cell . Class  structure  must  be  consistent  with  the  needs  of  the 
manager.  Statistics  for  each  class  represent  a synthesis  of  other  data  sources 
and  summarize  Information  for  the  parameter  set  to  be  estimated  and  Include  a 
mean  vector  and  associated  covariance  matrix. 

Program  SIMULATE  combines  the  two  Input  files  and  generates  individual 
parameter  values  for  each  element  In  the  population.  Simulation  Is  based  on  an 
assumed  multivariate  normal  distribution  for  each  class  with  known  mean  vector 
and  covariance  matrix.  The  resultant  map  file  contains  the  class  assignment  and 
simulated  parameter  set  for  each  element  In  the  population. 

Program  CLUSTER  collapses  the  population  representation  Into  sampling  units 
formed  as  clusters  of  individual  elements.  The  stratification  of  sapling  units 
by  assigning  clusters  to  the  class  with  the  plurality  of  elements  within  the 
cluster.  Is  accomplished  and  summary  statistics  Including  variance  components 
for  each  stratum  are  derived.  These  statistics  depend  on  a number  of  specifi- 
cations which  describe  the  nature  of  the  sampling  system  to  be  considered. 

Program  SUMT  uses  the  summary  statistics  In  an  allocation  procedure  to 
determine  the  minimum-cost  allocation  of  sample  sizes  for  a specific  sampling 
strategy  and  then  summarizes  system  cost  and  sample  sizes  (My lander  et  al,  1971; 


2.1  The  Population  Representation 

The  population  representation,  produced  by  program  SIMULATE,  provides  the 
starting  point  for  the  planning  process.  It  must  preserve  the  spatial  distri- 
bution characteristics,  a key  feature  of  geographic  populations,  which  may  have 
a significant  Impact  on  the  sampling  methods  used.  In  addition,  1"  the  data 

base  has  been  well  designed  and  maintained,  available  and  pertinent  data  for  the 

population  will  be  readily  available.  As  was  seen  In  the  description  of  program 
SIMULATE  the  generation  of  a detailed  spatially-referenced  population  model 
requires  two  very  specific  kinds  of  data  Inputs:  1)  a grid-type  geographic  data 
base,  with  class  assignments  for  each  cell;  and  2)  supporting  data  which,  for 
class,  provides  Information  on  the  parameters  to  be  estimated. 

Most  geographic  data  base  structures  use  either  the  polygon  or  grid 

approach.  The  first  uses  a series  of  polygons,  with  coordinates  of  vertices  In 

some  convenient  system,  to  code  Information  on  location  of  the  data  elements. 

The  major  advantage  Is  that  less  data  storage  space  Is  required,  but  this  Is 
offset  by  the  necessity  of  using  more  complicated  analysis  methods.  If  the  area 
Is  partitioned  Into  mutually-excluslve  cells,  data  elements  may  be  assigned  to 
each  unit  In  the  population.  Size,  number  and  shape  of  the  cells  deterr ines  how 
much  detail  is  reflected  In  the  data  base.  A 40-acre  cell  size  would  give  a 
very  different  representation  than  a 4-acre  size.  A major  disadvantage  of  the 
grid  system  Is  that  more  storage  Is  required  since  each  element  In  the  popula- 
tion must  be  Identified  and  labeled;  however,  this  is  offset  by  slrapller 
analysis  methods.  A cell-by-cell  class  assignment,  or  stratification.  Is  an 
excellent  tool  for  evaluating  spatial  distribution  as  It  Influences  sampling 
methods.  In  this  study  such  a digital  data  base  Is  available  as  the  result  of 
a discriminant  analysis  of  multlspectral  data,  acquired  by  satellite.  Each  cell, 
roughly  one  acre  In  size.  Is  assigned  to  one  class  In  a land  use  and  vegetation 
classification  scheme.  Complementing  this  partitioning  Into  land  uses  and 
vegetation  classes  are  sample  data  providing  estimates  of  specific  parameters 
of  Interest  for  each  of  the  classes.  J 

The  supporting  data  for  each  land  use  class  may  be  obtained  from  special 
pilot  surveys,  or  from  previous  In  the  same  area.  This  Information,  represen 
ing  available  knowledge  of  the  parameter  set  to  be  estimated,  combined  with 


appropriate  assumptions  about  the  probability  distribution  of  the  variables  over 
the  population  makes  It  possible  to  generate  Individual  cell  values  by  simulat- 
ion, while  preserving  average  characteristics  and  spatial  distribution  Influ- 
ences. This  technique  Is  very  useful  where  population  sampling  units  are  likely 
to  be  clusters  of  cells  rather  than  Individual  cells  since  the  variability  due 
to  simulation  Is  reduced  by  clustering.  The  most  obvious  distribution  for 
simulation  Is  the  multivariate  normal,  which  Is  easily  simulated  (Naylor,  et  al. 
1966).  Others  derived  from  the  multivariate  normal.  Including  the  multivariate 
chl-squared  and  Student'st  distribution  could  be  simulated  to  account  for  some 
types  of  departures  from  norm.;! . With  a cell-by-cell  population  representation, 
summaries  are  easily  made  to  obtain  variance  components  required  for  the  sampl- 
ing alternatives  to  be  evaluated. 


2.2  Allocation  of  Effort 

Answering  the  questions.  How  to  sample?  and  at  what  cost?,  are  the  goals  of 
a = component.  It  requires  population  summary  statistics 

as  Input  and  produces,  for  a given  alternative  sampling  system,  the  optimum 
sample  sizes  and  allocations  as  well  as  the  Implementation  cost.  To  achieve 
this  goal  requires,  more  specifically,  1)  mathematical  representations  of  vari- 
ance relationships  and  sampling  costs,  2)  estimates  for  cost  coefficients.  ■?) 
estimates  of  population  variability,  and  U)  a method  for  finding  the  least  cost 
allocation  of  sampling  resources. 

If  mathematical  models  for  the  cost  and  variance  relationships  can  be 
for  particular  sampling  schemes,  mathematical  programming  provides  a 
method  for  aUocatlng  sampling  resources.  The  mathematical  programming  problem 
Is  formulated  in  general  terms  as;  minimize  the  objective  function  subject  to  a 
constraint  functions  (Flacco  and  McCormick,  1968;  Hllller  and  Lleberman, 
of  the  formulation  are  obtained  depending  on  restrictions 
on  the  form  of  the  objective  and  constraint  functions.  For  the  planning  model 
formulation  the  objective  function  Is  a cost  function  and  the  constraints  are 
variance  functions  for  each  parameter.  Since  these  functions  are  generally  not 
linear,  linear  programming  Is  not  appropriate.  However,  the  class  of  problems 
encountered  In  allocating  sampling  effort  conform  to  the  assumptions  of  the 
convex  nonlinear  programming  problem,  and  for  this  problem  general  and  unique 
solutions  have  been  shown  to  exist  (Flacco  and  McCormick,  1968).  With  the 
solutions  to  the  allocation  problem  It  Is  possible  to  Identify  the  optimum 
sampling  design  (among  the  alternatives  considered)  while  still  meeting  the 
constraints  Imposed. 

j planning  model  utilizes  a population  representation  which 

Is  derived  from  the  data  base  of  the  Information  system  and  It  Incorporates  as 
much  of  the  basic  data  as  Is  possible  Including  simulation  of  certain  detailed 
values  on  a unlt-by-unlt  basis.  This  representation  then  forms  the  basis  for 
generating  specific  Inputs  to  an  allocation  model,  a convex  nonlinear  program- 
ming problem  formulated  for  a specific  sampling  system.  The  resulting  allocat- 
ion of  effort  minimizes  the  associated  cost  function.  With  these  basic  elements, 
the  scope  of  the  model  Is  limited  only  by  the  alternative  systems  which  can  be 
formulated  for  allocation  and  by  the  details  of  cost  or  other  comparisons  which 
are  possible  aimong  alternatives. 

3.  RESULTS;  The  Quincy  Ranger  District  Study 
3.1  Data  Inputs 

As  a result  of  a 197'f  survey  for  the  entire  Plumas  National  Forest,  conduct- 
ed utilizing  Landsat  multlspectral  data,  large-scale  photography,  and  ground 
measurements  (Titus  et  al , 1975)  a data  base  of  the  type  required  for  the  plan- 
ning model  was  available.  The  grldded  data  base  structure  generated  by  the 
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Landsat  multlspectral  scanner  system  (NASA,  1971)  was  used  in  the  population 
model.  All  other  data  sources  were  transformed  to  the  Landsat  base.  This  base 
Is  made  up  of  a set  of  picture  elements  (pixels)  which  contain  a vector  of 
specific  observations  made  by  the  scanner  at  a pa:-tlcular  point  In  time.  The 
on-the-ground  area  covered  by  each  pixel  varies  according  to  parameters  associa- 
ted with  the  satellite  orbit  and  Its  relationship  to  the  area  scanned.  For  the 
Plumas  NF  It  has  determined  empirically  that  the  area  represented  by  each  pixel 
Is  a little  more  than  one  acre.  Individual  cells  are  referenced  by  an  (x,y) 
coordinate  where  each  point  is  one  pixel.  To  Identify  the  study  area  explicitly 
and  to  delete  all  Internal  blocks  of  private  ownership,  an  ownership  base  map 
was  digitized  Into  a local  (x,y)  coordinate  system.  This  local  system  was  then 
transformed  to  the  Landsat  system  using  mathematical  functions  based  on  least 
squares  regression  analysis  of  a set  of  control  points  located  In  both  coordinate 
systems . 

With  the  source  data  and  study  area  combined,  a maximum  likelihood  discrim- 
inant analysis  was  performed  to  assign  each  pixel  in  the  population  to  a veget- 
ative or  land-use  class  according  to  a structure  determined  by  the  training 
areas.  As  required  by  discriminant  analysis,  training  areas  or  examples  of  part- 
icular classes  of  vegetation  and  land  use  are  required  on  which  to  base  the 
rules  for  assignment  of  Individuals  to  specific  classes.  For  the  study  area  two 
separate  analyses  were  made,  because  the  study  area  was  covered  by  portions  of 
two  Landsat  data  files,  each  with  50  to  60  examples  of  various  vegetation  and 
land  use  categories.  Further  aggregation  of  vegetation  classes  Into  17  broad 
vegetation  classes  was  made  by  Interpreting  each  of  the  training  areas  in  light 
of  the  desired  stratification  scheme  which  Included  three  classes  of  vegetation 
(mixed  conifer,  east-side  pine,  and  true  fir)  and  within  each  vegetation  class, 
five  classes  of  vegetation  conditions  (regeneration,  immature,  mature,  over- 
mature, and  poorly  stocked)  were  recognized.  Two  other  classes  were  specified, 
hardwoods  and  a residual  of  all  other  classes. 

Associated  with  each  of  the  classes  are  a number  of  variables  Important  for 
management.  Depending  on  the  particular  ecosystem  component  to  be  managed  the 
set  could  be  limited  to  a few  major  variables.  For  example,  the  197^  Inventory 
concentrated  on  variables  Important  for  timber  management,  and  therefore,  many 
variables  useful  In  managing  such  components  as  recreation,  watershed,  wildlife, 
or  range  were  not  included.  Still,  a basic  approach  to  a number  of  resource 
values  depends  on  the  condition  and  distribution  of  the  vegetation  components. 

For  this  reason  it  Is  considered  appropriate  to  use  as  parameters.  In  the 
verification  and  application  of  the  planning  model,  three  ch xracterlstlcs  which 
describe  the  "tree  component"  of  vegetation.  The  three  are  number  of  trees, 
basal  area,  and  basal  area  growth.  The  last  two  are  highly  correlated  with  the 
volume  and  volume  growth.  At  the  same  time  they  are  basic  physical  measures  of 
the  vegetation  component  which  could  be  related  to  other  management  needs. 

Number  of  trees  combined  with  total  basal  area  gives  an  Indication  of  the 
relative  size  of  the  trees.  TL“  sample  data  from  the  197^  Inventory  provided 
estimates  of  the  mean  vector  and  covariance  matrix  for  each  vegetation  class. 

Selection  of  these  parameters  Is  not  to  Imply  In  any  way  that  the  planning 
model  Is  limited  to  timber  related  parameters.  If  data  Is  available  any 
parameter  set  could  be  used. 

In  addition  to  the  cell-by-cell  vegetation  class  assignment  and  their 
parameter  estimates  by  class,  other  data  Inputs  are  required  Including  1)  requi- 
red precision  levels,  2)  cost  components  of  the  sampling  activities,  and  3) 
correlation  between  measurements  taken  on  photographs  and  on  the  ground. 
Alternative  values  for  Inputs  listed  above  can  be  used  to  evaluate  sensitivity 
of  the  model  to  Input  parameters. 
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with  the  population  model  specified  It  Is  possible  to  evaluate  the  sampling 
effort  required  to  meet  desired  precision  levels  for  each  of  a number  of 
alternative  seunpllng  systems.  It  Is  obvious  that  time  and  money  constraints  on 
the  planning  phase,  as  well  as  the  limitations  of  the  planning  model,  will  limit 
the  total  number  of  alternatives  which  might  be  evaluated.  Nonetheless,  by  care- 
ful selection  of  the  few  alternatives  to  be  examined.  It  is  possible  to  gain 
valuable  Insights  about  the  best  way  to  allocate  sampling  resources  In  situa- 
tions where  we  must  act  on  the  basis  of  Incomplete  and  uncertain  Information. 

Analysis  of  sampling  systems  for  the  Quincy  Ranger  District  was  based  on 
alternatives  obtained  as  specific  combinations  of  the  following  factors:  1)  lev- 
el of  confidence  and  precision,  2)  cost  components,  3)  sampling  strategy  (single 
stage,  two  stage,  or  two  stage  with  double  sampling),  k)  selection  probability, 

5)  cluster  size,  and  6)  correlation  between  measurement  variables. 

3.2  Results 

The  only  conclusion  which  holds  over  all  levels  of  factors  examined  here  Is 
that  probability  Proportional  to  size  (PPS)  rumpling  requires  a lower  cost  than 
equal  probability  sampling,  and  that  a "large"  primary  sampling  unit  (PSU)  Is 
better  with  PPS  sampling  while  a small  PSU  size  Is  better  with  equal  probability 
sampling.  These  conclusions  must  be  qualified  by  the  limits  of  this  particular 
population  model  and  the  range  of  PSU  sizes  evaluated.  However,  the  Implication 
seems  to  be  that  regardless  of  relationships  among  the  variables  themselves,  the 
larger  PSU  sizes  strengthen  the  relationship  between  the  size  variable  used  for 
the  selection  probability  and  the  magnitude  of  parameter  totals  by  PSU. 
Conclusions  about  which  alternative  system  Is  the  best  must  be  qualified  by  the 
particular  factors  and  levels  which  are  tested. 

To  complete  the  planning  process  and  select  the  optimum  system  from  among 
the  alternatives  requires  specifications  for  sampling  system  performance  In 
addition  to  Inputs  which  define  the  population  model  and  sampling  system 
characteristics.  For  example.  If  the  system  performance  constraint  were  to 
achieve  estimates  with  allowable  errors  of  + 10  percent  with  probability  level 
at  95  oercent  for  each  parameter,  the  optimum  survey  alternative  would  be 
estlmrted  to  cost  $23,190  and  its  basic  elements  would  be  1)  PSU  size  of 
60  X 6 pixels,  2)  selection  probabilities  proportional  to  PSU  size,  and  3) 
stratified  two  stage  with  double  sampling.  This  alternative  would  be  optimal 
with  respect  to  the  planning  model  which  makes  a number  of  specific  assumptions 
about  the  population  characteristics  and  cost  of  Implementing  various  sampling 
alternatives.  For  this  reason  there  Is  always  a certain  element  of  uncertain 
with  respect  to  whether  the  alternative  selected  Is  optimal  with  respect  to  the 
real  world  population.  Preparation  of  an  Implementation  plan,  outlining  In  detail 
the  operational  aspects  of  the  system,  would  complete  tne  planning  process. 

Additional  details  on  the  results  of  this  application  of  the  planning 
model,  as  well  as  the  background  for  the  model  development,  are  provided  by 
Colwell  and  Titus  (1976)  and  Titus  (1977). 


4.  CONCLUSION 

The  planning  model  developed  here  represents  a formalization  of  the  Inter- 
relationships which  must  be  considered  In  planning  sample  surveys  for  multi- 
variate applications.  As  with  any  model,  assumptions  are  required  In  order  to 
simplify  the  "real  world"  complexities  so  that  a workable  model  can  be 
formulated.  But  even  with  assumptions,  some  of  which  require  additional 
research  to  evaluate  their  Importance,  the  planning  model  provides  an  Important 
mechanism  for  evaluating  the  various  factors,  data  and  components  of  a sample 
survey  system.  Without  this  formal  planning  mechanism,  survey  design  Is  largely 
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relegated  to  experience,  hunches  and  guesses, 
large  multi-purpose  surveys  are  contemplated. 


This  Is  especially  true  when 


A significant  reijulrement  for  the  successful  Implementation  of  a planning 
model  of  this  kind  Is  the  availability,  In  a useable  form,  of  considerable  prior 
Infoi’matlon  about  the  population  to  be  surveyed.  A "data  base  management 
system".  Is  probably  the  only  way  to  Insure  that  this  kind  of  Information  Is 
accumulated  and  maintained  over  time.  If  this  level  of  Information  is  available 
and  Its  quality  Is  Improved  as  time  passes  (and  more  data  are  acquired),  the 
planning  effort  becomes  more  effective  and  the  efficiency  of  the  sampling 
effort  should  Increase.  The  Landsat  population  model  used  In  the  Quincy  Ranger 
District  study  meets  this  requirement  and  represents  a unique  application  of  a 
remote  sensing  data  source  to  planning  for  sample  surveys. 
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MONITORING  IRHIGATKD  LAND  ACRKAGE  USING 
LANDSAT  IMAGERY : AN  APPLICATION  KXAMPLK 

William  C.  Dr-aoKer 

KROS  Data  Center 
Sioux  Kalin,  South  Dakota 

AHSTHACT 

A clemonntratlon  of  the  utility  of  Larxlnat  Imagery  for  quickly  and  cheaply 
estimating  Irrigated  land  area  wan  conducted  In  the  Klamath  River  banln  of 
Oregon.  Lnndnat  color  compo.-.lte  Imagen,  at  1:?50,000  scale  and  acquired  on  two 
dates  during  the  197^  growing  season,  w re  1 nter-preted . Irrigated  lands  were 
delineated  manually,  and  the  lrrl,:ated  area  wan  estimated,  based  on  dot-grid 
sampling  of  the  manually  delineated  lands.  The  Image  Interpretation  estimate 
of  Irrigated  area  was  then  adjust.ed  by  a comparison  of  Interpretation  results 
with  ground  data  on  45  sample  plot.*',  each  2.6  square  kilometers  In  slzt. 

Two  Interpreters  Independently  estimated  the  Irrigated  area.  Their 
adjusted  estimates  were  115,000  hectares  and  108,000  hectares  respectively, 
with  corresponding  95  percent  confidence  Intervals  of  + 7,880  hectares  and  + 
14,000  hectares.  The  estimated  cost  of  the  survey,  exclusive  of  managi-ment 
costs  and  training,  was  $1,500. 


INTRODUCTION 

Due  to  an  agreement  between  the  States  of  Oregon  and  California  regarding 
the  allocation  of  the  water  of  the  Klamath  River-  , the  Oregon  Water  Resources 
Department  (OWRD)  must  periodically  estimate  the  area  of  Irrigated  land  in  the 
Klamath  River  basin  of  Oregon  to  ascertain  how  closely  the  State  Is  approaching 
the  limit  stipulated  In  that  agreement.  When  the  Irrigated  area  approaches  the 
limit,  a very  detailed  survey  will  be  needed;  at  that  time  the  State  will 
Impose  appropriate  controls  on  the  Increase  of  Irrigation  In  the  basin.  Prior 
to  the  advent  of  repetitive  Earth  observations  from  space,  no  quick  and  Inex- 
pensive method  was  known  for  making  rough  annual  estimates  of  Irrigated  land  In 
areas  as  large  as  the  Klamath  River  drainage  (approximately  l4,8oo  square 
kilometers ) . 

In  response  to  this  need,  the  EROS  Data  Center  (EDC),  and  the  OWRD, 
carried  out  a project  to  demonstrate  the  feasibility  of  estimating  Irrigated 
land  area  using  Landsat  Images.  This  work  'was  performed  as  a part  of  the 
Pacific  Northwest  Regional  Commission  Land  Resources  Inventory  Demonstration 
ProJ  ect . 

The  objectives  of  the  project  were  to  demonstrate  the  methodology,  to 
determine  the  time  and  costs  required  to  make  an  estimate  of  total  Irrigated 
acres  In  the  Oregon  portion  of  the  Klamath  River  drainage,  and  to  ascertain 
the  accuracy  that  could  be  achieved.  The  techniques  used  were  those  which 
could  be  reasonably  undertaken  by  the  OWRD  at  the  present  time,  and  which  could 
be  repeated  at  1-  or  r-year  Intervals.  Thus,  the  project  was  designed  to  demon- 
strate the  application  of  existing  techniques  to  a resource  management  problem, 
rather  than  -o  develop  new  techniques. 


1^/  Klamath  River  Basin  Compact,  between  the  State.s  of  Oregon  and  California. 
Effective  September  11,  1957.  Chapter  14,’,  Oregon  State  Laws,  1957;  Chapter 
113,  California  Statutes,  1957. 


MKTHODOLOdY 


Problem  Definition 

It  wa^:  flrat  rieceasary  to  dePIrie  accurately  tbe  type  of  Information 
required  by  the  OWKD.  This  wao  accnmpllahed  through  a number  of  meetlnp;;;  of 
EDC,  NASA,  and  OWRD  representatives.  It  was  concluded  that  at  the  present  tlme 
a rou)j;h  estimate  of  the  total  acreage  of  Irrigated  land  In  Ur  Klamath  River 
drainage,  repeated  every  1 to  5 years,  would  suffice.  Accui-ate  mapping  of  t' o 
lands  Is  not  necessary.  It  was  agreed  that  a methoil  using  manual  Interpreta 
tlon  techniques  would  be  best.  In  that  It  would  more  likely  be  adopted  on  an 
operational  basis  (providing  It  was  Judged  to  be  sufficiently  cheap  and 
accurate)  by  the  OWRD.  The  objectives  of  the  project  did  not  include  an  ex- 
haustive testing  and  comparison  of  all  possible  methods,  but  rather  a di  mon- 
stratlon  of  the  method  that  was  deeme<i  most  likely  to  prove  successful. 

The  chosen  method  consisted  of  an  Interpretation  of  1 : 2h0 , 000-scale 
Landsat  color  composite  Imager,  with  the  area  estimation  based  on  do' -grid 
sampling  of  manually  delineated  agricultural  lands.  The  area  estimate  was 
then  adjusted  through  a comparison  of  Interpretation  results  with  ground  data 
on  selected  sample  plots,  using  a ratio  estimation  procedure. 


Imagery  Selection 

Landsat  Imagery  used  in  the  interpretation  consisted  of  four  1:250, 000- 
scale  color  composite  prints  acquired  during  the  1975  growing  season.  It  war 
felt,  based  on  OWRD  knowledge  of  the  cropping  practices  and  crop  condition 
change  through  the  growing  season,  that  both  a mid-summer  an<l  late-r.ummer  Image 
would  be  necessary  to  discriminate  definitively  between  Irrigated  and  dry- 
farmed  land.  A search  of  all  1975  Images  led  to  the  selection  of  those 
acquired  on  July  21  and  September  On  each  date,  portions  :.f  two  Landsat 
scenes  were  needed  to  cover  the  entire  study  area,  thus  requli’lng  a total  of 
four  Images.  In  July  all  Irrigated  fields  are  red  on  the  color  compisilte,  but 
a few  nonlrrigated  fields  are  also  still  red.  By  September,  all  of  the  dry- 
farmed  fields  are  dry,  and  hence  tan  In  color  on  the  Image,  while  the  vast 
majority  of  the  Irrigated  fields  are  still  red.  Thus,  by  compar'ng  the  two 
dates  of  Imagery,  the  Interpreter  could  Identify  lrrlgate<l  fields  more  accu- 
rately than  with  any  one  single  date  of  imagery. 

On  July  31,  1975,  the  NASA  D-2  aircraft  acquired  color  Infrared  photo- 
graphs at  a scale  of  approximately  1:120,000  of  the  Klamath  River  ba;;ln.  The.se 
photographs  were  used  by  the  field  crew  a::  aids  In  locating  plots  and  plotting 
the  area  of  Irrigated  lands  within  the  s.ample  plot;;.  The  aircraft  photos  wi  re 
not  used  for  the  overall  Interpretation  because  they  could  not  be  expected  to 
be  available  on  a repetitive  annual  basis  as  are  Landsat  Images.  Furthermore, 
It  was  assumed  that  for  most  areas  to  which  this  estimation  approach  might  be 
applied,  some  kind  of  air  photo  coverage  would  be  available  (tJ-2  photos  are 
not  specifically  required). 


Sample  Plot  .Selection 


Trior  to  the  Interpretation  of  Irrigated  land.-,  all  agricultural  ;and 
within  the  Klamath  River  basin  was  delineated  on  overlays  of  the  Landsat 
Images.  This  was  performed  by  OWRD  personnel  familiar  with  the  r»gl  'T..  An 
effort  was  made  to  ensure  that  all  Irrigated  or  potentially  irrlgat-d  .and  wa.: 
Included  within  the  delineated  area.  The  agricultural  land  thu:;  del-nent  1 wa. 
then  assigned  to  one  of  eight  strata  representing  various  typos  f agricul- 
tural land  In  the  region.  The  description  of  the  strata  and  a.;;;  U-fimont  f iar.d 
Into  strata  were  based  on  experience  and  knowledge  of  OWRD  i;er;t.>nni  . 'h>- 

;;trata  were  as  follow.;: 


A ve  raK<> 
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stratum 


Deacrlptlori 


1 

2 

3 

5 

6 

7 

8 


low  elevation,  diverse,  poorly  drained 
low  elevation,  dlvei'se,  generally  well 
drained 

m«!dlum  elevation,  hay  and  pasture, 
well  drained 

marshland,  use  on  marsh  edges 
medium  elevation,  pasture,  pooi-ly 
dra  1 tied 

reclaimed  swamp  or  marsh 
high  elevation,  meadow,  and  hayland 
confined  basin,  agriculture  on  areas 
from  which  lake  has  receded 


16  tia 

16  ha 

16  ha 
1 rregular 


260  ha 
'to  ha 
1 rregu  ' ar 


1 rregular 


Sample  plots  were  assigned  to  strata  on  the  basis  of  a subj'-ctlve  evriluat.  loti  of 
the  relative  size  and  diversity  of  the  strata,  whereby  thi-  largest  atid/ot'  more 
diverse  strata  received  the  most  plots,  acknowledging  the  fact  that  theri’  may 
be  a bias  Iti  the  estimates  due  to  d Isproport  lonal  1 ty . The  total  numlx'r  of 
plots  was  based  primarily  on  an  estimate  of  the  number  that  could  be  reached 
by  a ground  crew  during  the  time  allotted  for  field  woi’k  on  the  project. 

Approximate  total 

No.  sample  plots  area  of  stratum 

3 I'lb  km^ 

6 S8u  km^ 

9 787  km* 

7 569  km* 

')  207  km* 

''  l86  km* 

10  269  km* 

2_  1)2  km* 

Total  '(5 

Each  sample  plot  was  randomly  selected.  This  was  accomplishes  by  super- 
imposing a rectangular  grid  over  a stratum  overlay  and  selecting  grid  Inter- 
section points  using  random  number  tables  until  the  required  number  In  each 
stratum  was  obtained.  These  points  were  numbered  by  stratum  and  transferred 
to  both  the  Landsat  Imagery  overlays  and  the  U-f  10. lor  Infrared  photos.  On 
the  aerial  photos,  a plot  appi’oxlmately  2.6  km*  In  sl.si  wan  constructed  around 
each  point.  The-  boundaries  of  each  plot  were  then  transferred  to  the  handsat 
strata  overlay  using  an  optical  transfer  device. 


Stratum 

1 

2 

3 

'1 

5 

6 

7 

8 


Ground  Data  Collection 

Each  sampling  plot  was  visited  In  the  field  by  OWED  personnel  during  tin 
summer  of  1976.  A map  was  prepared  by  the  fl,.-ld  crew  delineating  gr-wlng 
season.  Using  these  maps  and  the  aerial  phot.rv.  ^ the  ground  crew  estimat  eii  the 
percentage  of  the  area  of  each  plot  that  was  Irrigated. 


Image  Interpretat Ion 

The  Interpretation  of  the  handsat  Images,  was  performed  by  two  1 nt<' r-preters , 
Independent  of  each  other.  One  of  the  1 nterpret • fs  (Int.  rpre-t.-r  A)  was  quit-- 
familiar  with  the  study  area,  and  hail  collected  most  of  the  ground  data,  wh'  ■ 
the  other  (Interpreter  B),  was  unfamiliar  with  the  area.  The  Int.-ritlon  w a, 
not  to  statistically  compare  the  performanc.- s of  the  tw-.-  1 nterpret.  rs , but  only 
to  obtain  some  Indication  of  the  effects  of  familiarity  -m  inti-rpretat  i-.n 
accuracy . 
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The  estimation  of  Ipi-Icated  land  on  the  Landiwit  Imafrery  was  done  stratum 
by  stratum.  A random  dot  grid  was  laid  over  tli*‘  .luly  Landsat.  color  '■ompo.-.l  te 
Images  and  thi^/Strata  sample  plot  overlay.  Kach  d<Jt  represented  approximately 
10.1  hectare;:"'.  The  Interpreter  counted  th»>  dotti  that  appeared  to  I’a  1 on 
the  Irrigated  land,  and  accumulat*Ml  his  count  by  .strata.  Although  the  talk  of 
the  Interpretation  was  dune  on  the  .July  Images,  the  lnter[)feter‘s  referred  to 
the  Geptember  Im.ages  to  aid  their  Interpretation.  Only  tiiat  area  within  the 
Initial  agricultural  land  delineations  was  Interpreted,  and  only  dots  falling 
on  presumed  Irrigated  land  were  tallied. 

In  addition  to  the  overall  s.tratum  tally,  a .:eparate  r<-c(.rd  was  kipt  f 
Ititei'pretat  I on  results  for  each  s.ample  plot.  Both  the  tidal  nurih  r of  d'ds  In 
each  plot  and  dots  on  Irrigated  land  within  the  plot;>  were  tallied,  and  per- 
cent Irrigated  land  was  calculated  for  each  plot  . 

One;  stratum  In  wtilch  the  Interpreters  encountered  some  difficulty  was  In 
stratum  , the  marstiland  areas.  In  some  ca.'.es  it  was  dll'flcult  dlffei’on- 
tlate  between  lush  Irrigated  fields  and  ttie  n.aturaily  s.ut.  I rrl  gated  marstiland 
areas.  AIttiougti  In  tills  Instance  the  Interpreters  did  correctly  Identify 
Irrigated  land,  t ' ey  botli  felt  that  this,  wa.'  pfob.ably  due  to  ttielr  [ rlor  know- 
ledge of  the  area,  and  not  due  strictly  to  a reliance  on  Image  pai'amet  «ts  . 
Thus,  In  the  future  It  might  be  bet.ter  to  survey  marstiland.:  separately,  us.'ng 
satellite  ptiotos  together  with  Intensive  gr-ound  checks. 


Statistical  Cc  I at ' on 

following  the  computation  of  ground  estimates  and  Interpretation  es.tlmates 
of  irrigated  area  for  each  sample  plot  and  1 nterpretat  1 -.m  estimates  f r each 
stratum,  an  adjusted  acreage  estimate  for  cacti  .:tratum  was  comnut'et,  and  the 
sampling  error  of  ttiat  estimate  was  calculat'd. 

The  original  Interpretation  results,  wer-e  .adjusted  t,y  mean.;  of  a r<at'i. 
estimation  procedure.  For  each  stratum,  ttie  ratio  of  the  average  ground 
estimate  of  percent  Irrigation  on  tlit'  sample  plots  to  t tie  average  Interpreta- 
tion estimate  of  percent  irrigated  latH  on  ttie  plots  w.;.  calculated.  Ttie 
original  dot  count  lor  ttie  entire  stratum  wtieri  multiplied  by  ttil.:  adjustment 
ratio,  equals  the  .adjusted  dot  count  for  ttie  stratum.  Ttie  Interpretation 
estimate  Is  ttius  corrected,  based  on  ttie  ratio  of  ground  estimate  lo  Interii'i- 
tatlon  estimate  for  the  sample  plots.  Ttie  corrected  dot  c"unt  foi-  eaoti  stratum 
was  ttien  converted  to  acreage  by  multiplying  by  10.3  hectares  per  dot.  The 
ba.'iln  total  Is  a sum  of  the  stratum  totals.  The  Interpretation  do',  count.-,  as 
w'-ll  as  ttie  corrected  counts  and  area  figures  are  given  In  Tat;-  I. 

As  shown  In  Table  I,  ttie  final  adjusted  acreage  estimates,  of  Irrigated 
land  In  the  study  area  were  1 15,000  tiectare.c  and  loP,noo  hectares  kiy  Iriter- 
pi'eters  A and  B respt.'ct  1 vely  . 

Ttie  sampling  error  of  ttie  estimate  was  calculated  fur  eaeli  stratum 
Independently.  These  were  then  combined  to  olitain  the  sampling  error  and 
confidence  limits  for  the  entire  area. 


?/  Actually,  ttie  scale  un  ttie  Landsat  prints  var'led  somewlial  from  Image 
t"  Image  .and  from  place  to  place  on  the  same  Im.age.  However,  ttie  average  scale 
of  ttie  Images,  was.  approximately  1 cm  • g.5  km  wtilch  correspond,  d to  a dot 
equivalent  to  10.1  hectares. 
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DISCUSSION  oK  RKSUI.TS 


Tho  eatlmatea  made  by  the  two  I ritorpr<t.i-;;  .f  the  Ifl-I  .it' 
Klam.-ith  River  baaln  cliff,  r by  7 , iOO  h.-ctarer  , or  -ipprc  xlma*  ly 
CoruiMc  rltiK  the  rather  Inexaet  technique;  u.-.ed,  thlr.  a^rr.  eni.-rit 
encourajT I npc . 'fht*  only  stratum  In  which  their  adjur.tei  ,i.  *■  air* 


.1  acreage 

0 percent 
I.-,  qu’te 
e.;t  ■ mate;; 


In  the 


dlff'-red  t'reatly  was  ;!tratum  7-  ThI;'.  wa:;  to  l>e  expe<;ted,  ho«ifVer,  as  that 
stratum  presented  l.y  far  the  greatest  I nterprebat  1 on  probiems.  da-  t .-.ma  i ; ^ and 
Irregular  fields  and  the  pr.  sonce  ..f  sublrrl  ^'at.-d  areas  (!l<!.i,-,  which  remained 
;.',reen  throu^’;h  the  ^fowltiK  season  due  to  avaHalil.  natui*al  v;round  water'). 


In  f.eneral,  Interpr<a.-r  A tend.  1 t-.  ov.-rest Imal-  IrrO.':ate,i  a.-r.  at;.  In  th. 
sample  plots,  and  hence  his  adjustment  ratios  were  iei'.s  than  1.'  , wt-  the 

oppo;',lte  wa.i  true  for  Intei'pi'fter  B,  Thu.',  thfj-!  waj  >ru:  I 1 i 1 I ! 

between  their  overall  counts  before  adj  u;;tment , tut  the  dlffer'eru'c  w.  n-iis  i 
by  the  adjustment  process.  N<  verthel.  , th<‘  adj'istment  rat!  ..  l.>r  : • t.c 

major  strata  were  between  . dO  and  1.0';,  In.l!catlnft  a reasonat  ly  accurate 

Int  erpr.-tat  ion  of  the  sample  plot  s tiy  both  1 nt.-rpr*  ‘ 'rs. . 

The  overall  estimates,  however,  arf  of  little  use  !n  . valuat-n/  tt.' 
clslon  of  tlie  .s.tlmatlon  process.  Tlits  .'an  >nly  be  done  ttruucti  at.  vaiu.a' 
of  the  aid’eement  Iretween  Interpretation  and  r.f  'und  data  e-rtlmctea  un  ttc  s.c;pl 
plots  as  . xpressed  by  the  samplltip;  .-rror  ar.d  confld-nce  ilm’t.  , whlct;  ar.-  . w 
In  Tatile  11.  The  stat  l.;tlcs  use.l  'n  comput  Inr  ttiese  fifrures  ar.  .1.  s t-  l - i Iti 
the  Append 'iX. 


Tire  stratum  sampllnp;  ei'r..rs  for  Interpreter  A re  con;- Ideral  ws,  .ti 

Keneral,  than  tliose  of  Interpret. r B (low  sampllnp;  error'.;  are  .1-.  . 1 rab ; . .'h 

Indlvldua:  .stratum  s.amplinp:  errors  are  coml  lned  to  rive  overall  .s'im  t. 
sampling  errors.  Thus,  Intei'pretei'  A had  a mucti  iow.-r  overr.il  samp  : I ti(-  i-cr 
(3.8  percent)  than  did  interprets  B (7.  ' F'-rcent),  althooUti  b.t  ti  ■ -n  t.e  ■•■.n- 
sldered  rood  f'lr  ; nt  .rpretat  1 • .n  method.-,  us'-d.  That  Int.t'ii  t.-r  A wa.  fam-;  ir 
with  ttie  test  ar.  ■> , and  h.ad  collect.  .!  ;rourid  data  on  the  s.-imi  1 t- ■ pi-.d  at.ly 

explains  hi,-'  suF>erior  performance. 


As  confidence  limits  ai'o  a .llrect  functl-on  of  the  . 
sampling  eri-i.r,  here  agaltj  InterF-reter  A had  a t stt  r F ' 
Ini  .'I'F’reter  H.  The  9h  percent  c uif  1 den.-,  limits  can  b*.' 
a chance  occurrence  with  a probability  .if  ‘>  ’''1-  1 

speclfl-  i contains  thf  true  value.  I'hus  the.,  's  a hlgl 


tandar  l r a.'  1. 

■I'form.an""  than 
Int  I'lu  ' i a.: : un  i . 

■ :-'i'urr'.'-l , the  'nt.-rva! 
F.robab  1 . 1 ty 


percent)  that,  ba;;e  1 on  the  work  ’f  1 nt.-t'i't'et-  r A,  th 
acreage  is  between  107,000  hectai'es  and  i2^,  ‘S  ' hectar 


.actua  1 


'I  . it  . d la'l d 


Upon  comi'l.'tlon  . f the  survey,  the  re.-.ults  were  sulm.  tt'—l  t;  - for 
evaluation.  Their  statement  rerar-ilng  the  survey  i;.  "t!;.'  f;  Int  r|.re- 

tatlon)  of  Irrli.ated  lanls  'n  the  Klamath  Bas'n  i.rovi  i.  .!  a qui  , .-...urm 
method  of  estimating  total  Irrirated  lani.-.  W>  r-ernls.  »eat  t:,  met  hod  U; 
F.:.  rhap  -.  the  leas.t  refined  of  the  metho.i.;  'rv'illat'.  at  .-.jr'i  -nt  cht  . ',r . 

levels.  W*'  also  le  llev  that  the  I’l  Is  ad.  qu.ate  f,.r  th<‘  ;urp  - .-  f ir  w»r  '!,  '• 
was  Inton.l.  i,  namely  t.  rive  a :ross  -stlm-.t;  n .f  the  t t -i ; ’ -•'it  1 ar  ;. 

The  strat  I f 1 .'.at  • in  f Ir'i-lgat.  d are.a.c  Int.  - 'rh*.  'f!  • ' f-  1 ^ ^ 

Identify  I’l  |.roblem;-,  ■ I-  'la-  .y  tl..  marsh i.'in'l  ;tra'a.  t - 

cal  leV!  1 ' f acoiu"; cy  "an  be  c..r.F'Ut  1,  Me  a ■* 'ia  a" "u."  ; y a.-  ; ue  1 'e"-i  ':. 

a me.'isur  1 st.'tn  lard  ' nc>t  yet  av.allat.;-  . .;t  wl  - 1 - ' 'd 

compl'-tl  m .f  th<  upcoming  Klamath  Ha;-;r.  adJ  II  --'I  m .'.urv- -.r.  _ n 

bolt.Ve'  the  1,  -e;  d<‘m  irisl  r'lt  d ' i usefu  , nirr'.-'ii  an  1 qu 

accomplishing  a re-i-onable  e;-.tlr.at,e  -f  t r-.  n-rml  • f a ■ lrr'--',-i  ' » e. 

Klamath  Basin  In  -<T-.  a-  al.  . b v.  Mr.t  a r-  f-  ‘!ti  n^  f it:.  ; r-  .i.t-- 

Woulii  serve  t ..  monitor'  the  ‘ri''  at  I !■  vr  ; * '.■  1 ac  ■ . 

She  '.aists  d’  conduct 'nr  th-  surv  y ar,  - .'.tlmat  ,1  ly  iw  , f 

management  atui  training  werr  : 


Gr-ouri'J  tlata  collection 


salary  ut  field  personnel,  65  hours 
Mlleape,  1,?06  miles  at  lUt/mlle 
Miscellaneous  expense 

I'hoto  Interpretation 

Salaries  of  two  Interpreters,  8H  hours 
Imagery  costs 

Kour  Landsat  color  prints,  scale  l:.>50,000 
Twenty  color  aerial  photos,  scale  1:120,000 

L * 1 1? 


t •ihS 
169 
17 


')7i 


160 

240 


$1 ,422 


In  a<l(lltlon,  an  estimate  was  made  Ijv  owrd  „ 

Irrigated  acreuRe  with  95  percent  arenracv,  '^“^ts  of  Inventorying 

were:  ^ accuracy  using  conventional  methods.  Thest 


Low-altitude  aerial  photos,  300  at  $4.00 
^ (used  for  plotting  ground  data) 
salaries  - 2-man  crew  - ground  data 

er  diem  - 2-man  crew  - ground  data 

Mileage  - 2-man  crew  - ground  data 

uraltsman  - making  map  and  computing  acreage 


$ 1,.'00 
3,747 

5,416 

1,170 

8,540 

*20,073 


qulte™L"glveS%h^re^':Mv:S  un"oph?°tSef  -- 

Certainly  the  results  could  be  Improved  ‘JOed . 

more  time  and  money.  Thus?  It  s rea??Aa  w ^ expending  considerably 
Improvement  In  accuracy  would  be  worth  the^Ld^t^r^^  ®*"®  whether  a small 
should,  however,  be  evaluated  with  some  reservation  Th^rr'\  f’f'oult.s 

tain  exactly  how  correct  the  interpretation  e.’i-imntA  Tht  re  Is  no  way  to  a.ccer- 
collectlon  for  the  entire  data.  We  can  how,  ver  s '■’^^o'^nd  -lata 

In  the  form  of  the  calculated  confidence  limits?’  ^ 1 Ity  statement 

mate  and^ ?^Se::SrahiuPt;;reJ^:"te^^^^  - estl- 

slmple  and  Inexpensive  methodology  requiring  no  -oph  1 ?t  I eat  ‘ ^ ® 

that  needed  to  produce  the  Landsat  Imagery  The’ -M^e'  anT  '‘*=‘^1''' 

plots  and  their  number  were  selected  om.wKof  ^ number  of  sample 

yield  significantly  different  re-ult"“  NeveLf*'^'’^'’’*'''!^’  changes  might 
accuracies  discuss^  here?  d Je^  ex^crfb^M 

strated  m<>thod  on  its  own  merits.  ' ’ 'valuatlng  the  demon- 


APPENDIX 

Computation  of  ."ambling  Error  and 
Confidence  Limit:-.:  Detail,  d De:icrlptlon 

I.  Individual  stratum  computations 

rij  « number  of  sample  plots  In  J*-'"  .stratum 

Nj  - total  possible  number  of  sample  plots  In  stratum 
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ORIGINAL  PAGL  Is 
OF  FOUR  OLALI  TY 


Xjj  - Interpretation  estimate  (in  percent)  of  i^^  plot  in  J*'^*  stratum 

jTjj  = >!;roiinil  estimate  (in  percent)  of  l'’^‘  plot  in  stratum 

» adjustment  ratio  for  j'"^'  stratum 

;!yj  = estimated  standar-<l  deviation  of  the  mean  for  J*"^  stratum 

S,  ' estimated  mean  percent  Irrltrated  land  per  640  acre  (?58.6  ha) 

" til 

sampllrui  plot  in  J stratum 
SKj  « sampltt;^:  error  of  the  mean  for  J*^*^  stratum 


SE 


J 


J 


• ^ X 100  wtiei'e: 

irrigated  land  Intei'pretatlon  estimate 

^ ( unadj us ted ) in  J stratum 

total  land  area  in  j''^  stratum 


X inn,  and 


S*y  + H S*x  - 2R  Sx.y,  n, 

'“6  • \l  - iff  > 


where : 


2 i=l  ” 


( I y,,)> 

l«l 


n . 

J 


z X, - ( r X..) 


S'x, 


1«1 


IJ 


I-l 


U‘ 


J 


, and 


J J 

( Z x,j)  ( Z y,,) 


"’'J^J  = 


,fl 


1-1 


1 = 1 


IJ' 


n. 


The  values  used  in  tiie  calculations  and  results  for  this  Invest  igation  are  s.hown 
In  Table  111. 


II.  Total  area  computat Ion;; 

Due  to  the  fact  t.hat  all  aaiiple  piota  In  atratum  <4  wer’e  devoM  ..f  IitI- 
»rat.d  land  except  one,  which  waa  100  percent  I i-rl^cated , and  that  In  i>ach  ca:;t 
the  plot:'.  In  .stratum  'I  were  perfectly  Interpreted  by  l-.i.h  I nter-preter.- , the 
data  for  that  atratum  d<’  not  lend  them::elvea  to  a meanlnK;ful  computation  .f 
:;ampl  Inr,  error  (It  la,  In  effect,  zero).  Thu;-.  all  emputat  1 ona  for  the  entir 
watei'ahed  c.hown  below  exclude  ;:tra1.um  data. 

N.J,  = total  po;',;;lble  number  of  aample  plot.;  In  te;-t  ar.-a  (aee  jabde  III) 

^Vtp  “ e.stlmated  total  area  I'.tandard  deviation  ■■f  the  mean  ( fr<jm  wi'lchted 
;:tratum  varlancea) 

, = estimated  mean  pc-reent  IrrU'ated  land  per  61(0  aer<  ha)  ;:amt.le 


= 


un;t.  tn  toi3t  are? 

m w -I  nrt  _ 


X 100  « oampillne  error  of  the  mean  for  entire  ie::t  ar.-a,  where: 


Irr-Ii'ated  land  Interpretation  estimate 

_ (unadjusted)  for  entlri'  test  area 100,  and 

T total  land  area  In  entire  test  area 


/-L 

z 

J 

"J 

( "jjj 

, whei'i 


^^yj  = S^yj  P S^Xj  - .SRj  .SXjyj 


Variance  and  sampling  error  values  obtained  In  this  Investle.  t'  ,n  n- 

follows:  


Ey.j,  (In  * ) 
S.J,  ( I n !f  ) 
SE.J,  (In  X) 


Tntert)reter  A 

1.8s 


Interoreter 
1.17 
'!'(.  , 

7. 


III.  Confidence  Limits 

Confl  ii'nce  limit;'.  w<  re  obtained  I;y  •.  nv  -ei  tn  t-..  [ •••  -nt  Irrl-  t 1 ar 
values  to  act- ’age  .as;'.urilnj  ‘.1(0  Hero.-,  p.-r  - amp  j ■■■<  ^nd  t ,t;)i  ,.f  ..  p ' 

bii-  ;;ampl-  pb-t:;  In  tlr:  entir-;.  aria  :.d ' n-'  str-.'um  li'-r.  ■ : 

A.p  (In  acres)  = S...  (l,i  i)  x o=,6  p:  .ts  x 6a  s 'p  ; ot 

and 

Ly..  (In  acres)  = i1y_  ; In  %)  x .'.-.6  pi  >t  .■  x aeres/p.i:  t. 


TaMe  II 

PHECIMION  KMT  I MAT I ON  MTATIMTIOM 


Stratum  SaiiipllMt’;  Error;;  (*)  Stratum  i 

St  rat  urn  2 
Stratum  3 
Stratum  A 
Stratum 
Stral urn  6 
Stratum  V 
Stratum  T 

Overall  Kutlmate  Sampling;  Error  (%) 


95)1  Confidence  Interval  (h; 


')‘j%  Confidence  Lltnl!  , Upper  (lia) 


9bi  Confidence  Limit,  Lower  (ha) 


I nterfii-eter  A 


1.76 

5.;-s 

10.6 

0 


+7,860 


123 , loO 


107,000 


Inlt-rpi'id.^i 


0 

7 . 9 
'V.O 
9 ‘.f. 

1 'Xi . :■ 


7. 


+ 1A  , 


MA  . ; : ■ 


Table  III 

VALUE.S  USED  IN  CALCULATION  OF  SAMFLlNS  KRKOh 


Stratum 


Total 


Total 
exc  ludlnp: 
Stratum  A 


Interpreter  A 


Sy,  (<) 


1. 

. 16 

66 

.8 

■5  ^ 

, OA 

67 

6 

A, 

.00 

37 

9 

! ( i , 

0 

l'» 

1 

(1 

3. 

, Oil 

7 3 

C,  T 

7. 

.98 

68 

2 

1 1 .V 

2. 

70 

i A 

7 

; .A 

075 

3 

>5 

Interpreter  H 


Total 


Total 
exc  liidl  n^^ 
Stratum  A 


72.  1 

6f  . i 

' .A 

.A.  3 

. 

18. 

0 

71.2 

7.9 

6.-. 2 

6.7 

9.6 

3.3 

F 


f 


T" — ! 

li 

— 1 

_ -j. 

vl 

1 

! i 

f i 
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INFLUENCE  OF  GROUND  LEVEL  SO?  ON  THE  DIFFUSE  TO 
DIRECT  IRRADIANCE  RATIO  IN  THE  MIDDLE  ULTRAVIOLET 

K.  F.  Klenk  and  A.  E.  S.  Green 
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University  of  Florida,  Gainesville,  FL  32611 

ABSTRACT 


; / 

« 


We  excunine  the  dependence  of  the  ratio  of  the  diffuse 
to  direct  irradiances  at  the  ground  for  a wavelength  of 
315.1  nm  and  propose  a passive  remote  sensing  method  based 
on  ratio  measurements  for  obtaining  the  optical  thickness 
of  SO2  in  the  vertical  column.  If,  in  addition  to  the 
ratio  measurements,  the  SO2  density  at  the  ground  is  de- 
termined using  an  appropriate  point-sampling  technique 
then  some  inference  on  the  vertical  extent  of  SO2  can  be 
drawn.  We  present  an  analytic  representation  of  the  ratio 
for  a wide  range  of  SO2  and  aerosol  optical  thicknesses 
and  solar  zenith  angles  which  can  be  inverted  algebraically 
to  give  the  SO2  optical  thickness  in  terms  of  the  measured 
ratio,  aerosol  optical  thickness  and  solar  zenith  angle. 


f 


1.  INTRODUCTION 


The  ratio  of  the  diffuse  to  direct  irradiance  transmitted  by  the  atmosphere 
and  measured  at  the  ground  is  sensitive  to  absorbing  species  in  the  troposphere 
due  to  the  concentration  of  scattering  species  there.  Klenk,  MePeters  and  Green 
(1977)  have  used  the  diffuse  to  direct  ratio  at  305.5  nm  to  infer  the  tropo- 
spheric ozone  density.  Below  300  nm  ratio  measurements  are  difficult  to  make 
due  to  the  extremely  weak  signals  involved.  Green  and  Klenk  (1977)  point  out 
that  when  diffuse  to  direct  ratio  measurements  are  coupled  with  point-sampling 
of  the  ground-level  ozone  density  that  some  inference  can  be  made  as  to  the  al- 
titude profile  through  the  determination  of  the  scale-height  parameter  of  a 
realistic  profile  function. 


2.  RATIO  SENSITIVITY  TO  SO2 

The  absorption  coefficient  of  SO2  like  that  of  O3  decreases  rapidly  as  the 
wavelength  increases  beyond  290  nm.  Throughout  the  290  to  320  region  the  SO2 
absorption  coefficient  is  larger  than  the  ozene  coefficient.  In  this  paper  we 
will  study  the  sensitivity  of  the  ratio  at  31b. 1 nm  to  SO2  in  the  atmosphere. 
There  are  two  important  reasons  why  remote  sensing  of  SO2  would  be  more  practi- 
cal near  315  nm  than  at  smaller  wavelengths.  Firstly,  the  SO2  absorption  coef- 
ficient is  8.5  times  larger  at  315  nm  than  the  ozone  absorption  coefficient. 
Secondly,  ratio  measurements  are  more  easily  and  more  accurately  made  at  315  nm 
due  to  the  greater  atmospheric  transmissivity. 


We  will  assume  that  the  sulfur  dioxide  is  well  mixed  to  an  altitude  which 
we  will  call  the  SO2  mixing  height  and  that  above  this  the  SO2  density  is  zero. 
In  principle  then  the  altitude  distribution  of  SO2  is  completely  determined  by 
specifying  the  ground-level  SO2  density  and  the  mixing  height  altitude.  As  we 
will  see  later,  the  ratio  is  not  sensitive  to  the  SO2  altitude  profile  so  long 
as  the  bulk  of  the  SO2  is  concentrated  in  the  first  few  kilometers  above  the 
ground.  Therefore  the  assumption  above  is  not  critical.  Furthermore,  we  as- 

525 


J 


I 


sume  the  air,  aerosol  and  ozone  altitude  profiles  of  Shettle  and  Green  (1974); 
that  the  ground  albedo  is  .05  and  that  the  aerosol  is  characterized  by  the  cum' 
mulative  size  distribution 


N(r)  - (1  + (r/a)'']  (1) 

. . 1 

with  V = 3 and  a = .03um  and  has  an  index  of  refraction  m = 1.5  -.Oli.  We  will  J 

discuss  later  in  this  paper  how  deviations  of  the  real  atmosphere  from  our  model  ’ 

atmosphere  affect  the  determination  of  the  SO2  optical  thickness  from  ratio  mea-  ' 

surements.  We  use  the  multiple-scattering  technique  as  described  in  Shettle  ; 

and  Green  (1974)  to  calculate  the  diffuse  irradlance.  ; 

; The  dependence  of  the  ratio  on  SO2  at  315.1  nm  for  an  overhead  sun  is  1 

shown  in  Fig.  1.  The  ratio  is  plotted  versus  the  optical  thickness  of  SO2  for  j 

' a mixing  height  of  1 km  and  for  a number  of  solar  zenith  angles  and  for  an  aero-  1 

sol  optical  thickness  of  0.4.  The  ratios  are  monotonically  decreasing  functions  | 

of  the  SO2  optical  thickness,  t(S02>,  except  for  the  60®  solar  zenith  angle  t 

curve.  The  dashed  line  in  Fig.  1 corresponds  to  a solar  zenith  angle  of  60®  I 

where  the  ratios  have  been  divided  by  three.  The  ratio  has  a shallow  minimum  j 

and  then  begins  to  rise  with  increasing  SO."*  optical  thickness.  Consequently  I 

for  SO2  optical  thicknesses  in  the  0 to  0.2  region,  the  ratio  cannot  be  used  to  ■ 

infer  t(S02)  to  an  accuracy  better  than  0.2.  However,  for  the  smaller  solar  j 

i’.enith  angles,  SO2  optical  thicknesses  can  be  determined  to  ±0.02  to  0.04  if  we  i 

assume  that  ratio  measurements  at  315.1  nm  are  accurate  to  which  is  not  i 

unrealistic  with  a double  monochromator. 

An  increase  in  the  aerosol  concentration  leads  to  a corresponding  increase  ; 

in  the  diffuse  to  direct  ratio.  In  Fig.  2 the  ratio  dependence  on  the  SO2  op-  ) 

tical  thickness  is  shown  for  aerosol  optical  thicknesses  of  0.1,  0.4,  0.7,  and  ! 

1.0.  The  major  effect  is  a shift  in  the  magnitude  of  the  ratio;  the  monotonic-  | 

ally  decreasing  nature  of  the  curves  is  preserved  throughout.  j 

The  altitude  to  which  the  SO2  is  mixed  has  little  effect  on  the  value  of 
the  diffuse  to  direct  ratio.  That  the  ratio  depends  mainly  on  the  total  SO2  < 

optical  thickness  and  is  practically  independent  of  the  mixing  height  is  seen  "J 

in  Fig.  3.  Deviations  as  the  mixing  height  is  increased  above  1 km  become  1 

greater  than  1%  as  the  mixing  height  becomes  greater  than  5 km  for  the  larger 

values  of  the  SO2  optical  thickness.  It  is  very  unlikely  that  SO2  mixing 
heights  of  this  magnitude  will  be  encountered  in  the  real  atmosphere  in  view  of 

the  high  water  solubility  of  SO2.  In  fact,  Stedman,  Chameides  and  Cicerone  j 

(1975)  have  suggested  that  the  SO2  mixing  ratio  should  have  a steep  negative 

gradient  with  altitude  due  to  the  moderately  strong  solubility  of  SO2  in  water.  > 

The  observation  that  the  ratio  is  insensitive  to  the  SO2  mixing  height  at  alti-  j 

tudes  below  a few  kilometers  is  significant  in  that  we  can  infer  the  SO2  mixing  | 

height  if  we  know  the  ground-level  SO2  and  the  diffuse  to  direct  ratio  at  J 

315.1  nm.  If,  indeed,  the  SO2  mixing  ratio  decreases  with  altitude  much  like  | 

water  vapor  and  say  decreases  as  exp(-y/h)  where  y is  the  altitude,  then  the  ^ 

mixing  scale  height  h can  be  inferred.  j 

The  relationship  between  the  SO-  density  at  the  ground  and  the  total  opti-  | 

cal  thickness  of  SO2  for  well  mixed  conditions  is  shown  in  Fig.  4 for  a number 

of  mixing  heights.  t 

In  order  to  use  ratio  measurements  to  infer  the  SO2  optical  thickness,  ■; 

other  variable  atmospheric  constituents  such  as  ozone  and  particulates  that  may  ' 

significantly  affect  the  value  of  the  ratio  must  be  determined  by  independent  j 

means.  We  will  discuss  aerosol  effects  in  the  next  section.  The  stratospheric  - 

ozone  has  only  a small  effect  on  the  ratio  at  315.1  nm.  Calculated  ratios  for  ^ 

stratospheric  ozone  thicknesses  of  0.25  atm-cm  and  0.35  atm-cm  differ  by  less 
than  a percent.  To  see  what  effect  the  tropospheric  ozone  will  have,  assume 
that  the  thickness  of  the  tropospheric  ozone  is  0.032  atin-cm.  The  absorption 
coefficient  for  ozone  at  315.1  nm  is  ''<1.3  cm~l.  This  leads  to  an  optical  depth 
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f .042.  Thus  if  we  make  the  unrealistic  assumption  of  zero  troposphere  ozone 
in  our  model,  the  experimental  ratio  measurements  when  compared  with  calculated 
atios  will  infer  an  SO2  optical  thickness  which  is  at  most  only  .04  too  larqe. 
ore  realistically,  the  error  due  to  tropospheric  ozone  assuming  some  average 
value  would  be  considerably  smaller. 

3 . AEROSOL  EFFECTS 

Af  we  have  mentioned  previously,  an  increase  in  the  aerosol  concentration 
leads  to  an  increase  in  the  ratio  of  diffuse  to  direct  irradiances.  Therefore, 
is  important  to  know  how  to  model  the  atmospheric  aerosol  component.  Of 

importance  is  the  aerosol  optical  thickness.  The  optical  thickness  is 
related  to  the  total  extinction  cross  section  as  calculated  using  Mie  theorv 
and  the  number  of  particles  of  the  aerosol  in  a vertical  column.  It  is  also 
important  to  know  the  relative  frequency  of  scattering  and  absorption,  that  is 
to  say  the  albedo  for  single  scattering.  The  single  scatter  albedo  is  the  ratio 
of  the  scattering  cross  section  to  the  total  extinction  cross  section  and  de- 
pends on  the  imaginary  part  of  the  index  of  refraction  and  the  size  distribu- 
aerosol  particles.  In  Table  1 we  list  for  315  nm  the  single  scat- 
ter  al^dos  for  our  model  aerosol  and  some  other  aerosols  which  differ  from  the 
model  in  either  the  imaginary  refractive  index  or  the  parameters  of  the  size 
istribution  of  Eq.  (1).  The  range  of  single-scatter  albedos  is  0.889  to  1.0. 

Determination  of  the  aerosol  optical  thickness  at  315.1  nm  can  be  done 
using  phot^etric  techniques  or  by  the  following  extrapolation  method.  In  the 
extrapolation  method  aerosol  optical  thicknesses  at  selected  wavelengths 

T ^ region  where  SOj  and  ozone  absorption  may  be 

neglected)  are  inferred  from  diffuse  to  direct  ratios  measurements.  Extrapo- 
lation to  smaller  wavelengths  (in  the  present  case  to  315.1  nm)  is  done  as^m- 
ing  a wavelength  power  law  dependence  of  the  form 


t ■ 


Here  M is  determined  to  be  the  best  power  law  fit  to  the  Mie  extinction  cross 
t small  wavelength  range,  e.g.  300  to  340  nm  and  Tq  is  the  aerosol 
optical  t.  ickness  at  a reference  wavelength.  For  our  model  aerosol,  p « 0.87. 

1 to  improve  our  modeling  of  the  aerosol  when  ar.alyzing  experimen- 

al  ratio  measurements,  aureole  photographs  (Green,  Deepak  and  Lipofsky  (1971)) 
can  be  taken  to  complement  the  ratio  measurements.  McPeters  and  Green  (1976) 
have  shown  that  t)ie  parameters  a and  v of  the  aerosol  size  distribution  of  Eq. 

be  determined  from  the  photographic  aureole  data.  Furthermore,  knowing 
a and  v will  lead  to  a realistic  single  scatter  albedo  to  be  used  in  calculat- 

thl  extrapolation  of  aerosol  optical  depths  since 

the  effective  power  in  Eq.  (2)  can  be  determined  for  a particular  set  of  a and 
V values. 

iin»  distribution  used  in  our  model  is  shown  as  the  solid 

line  in  Fig.  5.  The  scale  height  for  this  aerosol  is  1 km.  Increasing  the 

^ 3 km,  give  rise  to  the  profiles  shown  by  the  dashed  and 

. respectively.  The  maximum  change  in  the  ratio  as  the  scale 

a smali*^^ff«nf  aerosol  altitude  distribution  has 

a small  effect  on  the  ratio. 

shown  that  the  ratio  is  insensitive  to  de- 
tailed structure  of  the  aerosol  scattering  phase  function.  This  result  is  not 
surprising  since  the  diffuse  irradiance  is  the  sum  over  all  downward  directions. 
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4.  ANALYTIC  REPRESENTATION  OF  THE  RATIO 

Assuming  we  have  modeled  the  atmosphere  in  a realistic  manner,  the  diffuse 
to  direct  ratio  at  315.1  nm  will  depend  on  three  variables:  the  solar  zenith 

optical  thickness  taer,  and  the  SO2  optical  thickness 

We  have  found  that  the  ratio  dependence  on  the  SO2  optical  thickness  can 
be  represented  by  a three  parameter  quadratic  function  of  the  form 

in  R - A + B t(S02>  + C t(S02)^  (3) 

® ^ adjustable  parameters.  This  function 

calculated  ratios  to  within  1%  over  the  complete  range  of  SO, 
optical  thicknesses  from  0 to  0.5  which  we  have  considered.  The  parameters  ^ 
A,  B and  C will  depend  on  the  aerosol  optical  thickness  and  solar  zenith  angle. 
In  oJ^der  to  simplify  the  dependence  of  the  parameters  on  and  So  we  have 

eqSationst  ^ parameters  Rq  and  Oj  defined  ly  the  following 

B - sec  - sec  O^  (4, 

* “ ^^o  ^o  ® (5) 

and  Eq.  (3)  becomes 

fn  R * tn  R^  + (t^  + T (SO2) ) (sec0g  - sec0j^)  + C t(S02>^  (6) 

total  optical  thickness  of  the  atmosphere  excluding  the  SO,  con- 

arriv^  constraint  that  C and  be  independent  of  t{S02?  we 

arrive  at  the  following  representation:  ^ 

Ro  ' ^*58  exp(1.41  (7, 

C = .704  exp  (-  .841  (8) 


■ -AkY- 


where  0^  and  0^  are  in  degrees  and  t^, t and  t,  are  the  following  functions  of 
aer  • 

tl  “ “.13  -12.611^^^  + 5.18  (10) 

t2  - 56.76  - 50.09  + 26.49 

tj  = 3.66  - 2.89  + 1.74  x^^/  (12) 

In  all,  this  is  a 13  parameter  representation  which  agrees  with  the  theo- 

Ttf ? thicknesses  frCr 

0 to  1.0  and  solar  zenith  angles  from  0*  to  60®, 

the  facilitates  the  determination  of 

thickness  when  0.,  x.er  and  the  ratio  are  specified.  Eq.  (3) 
is  a quadratic  algebraic  expression  for  x(S02)  and  will  yield  two  roots? 


x(S02) 


-B  ♦ ^B 


4C(A-lnR) 
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region,  0 £ 0g  £ 60®,  B is  negative  and  the  appropriate  S02^optica?  thickness 
is  given  by  the  above  equation  choosing  the  negative  sign.  Choosing  the  posi 
tive  sign  gives  optical  thicknesses  which  are  unrealistically  large. 


5.  DISCUSSION 


We  have  demonstrated  that  at  a wavelength  of  315.1  nm  the  ratio  of  the 
diffuse  to  direct  irradiances  at  the  ground  is  sensitive  to  the  optical  thick- 
ness of  SO2  in  the  vertical  column.  Inference  of  the  SO2  optical  depth  from 
ratio  measurements  is  practical  in  view  of  the  facts  that  the  ratio  is  insensi- 
tive to  the  details  of  the  SO2  and  aerosol  altitude  profiles,  the  stratospheric 
ozone  and  the  aerosol  scattering  phase  function.  The  two  most  important  aero- 
sol properties  that  need  to  be  determined  when  using  the  315.1  nm  ratio  to  in- 
fer the  SO2  thickness  are  the  aerosol  single  scatter  albedo  and  the  aerosol 
optical  depth.  Of  these  the  aerosol  optical  depth  is  the  most  variable  and 
most  critical.  Ratio  measurements  at  selected  wavelengths  greater  than  320  nm 
where  ozone  and  SO2  absorption  are  negligible  can  be  used  to  infer  aerosol  op- 
tical thicknesses  there  and  by  careful  extrapolation  the  aerosol  optical  thick- 
ness at  315.1  nm  can  be  inferred.  Then  knowing  the  aerosol  optical  thickness 
at  315.1,  the  SO2  optical  thickness  can  be  obtained  by  algebraic  inversion  of 
Eq.  (3).  If  photographic  aureole  methods  are  employed  simultaneously  with  the 
diffuse  to  direct  ratio  measurements  than  the  parameters  a and  v of  the  aerosol 
size  distribution  of  Eq.  (1)  can  be  determined.  This  would  have  a two-fold 
benefit.  Firstly,  knowledge  of  the  size  distribution  would  enable  us  to  calcu- 
late a more  reliable  value  for  the  single  scatter  albedo  and  this  in  turn  would 
increase  the  accuracy  of  our  ratio  calculations.  Secondly,  the  effective  power 
law  dependence  of  the  aerosol  optical  depth  on  wavelength  could  be  calculated 
for  the  measured  size  distribution. 


A more  difficult  variable  to  determine  is  the  ground  albedo.  Furukawa  and 
Heath  (1973)  have  made  measurements  of  the  ground  albedo  for  various  natural 
surfaces  in  the  wavelength  region  310-380  nm.  They  found  that  for  scrub  desert 
the  ground  albedo  was  .04  over  the  310  to  380  nm  range  and  for  farmland  70% 
tilled  and  30%  covered  with  vegetation  the  ground  albedo  was  between  0.07  to 
0.08  for  the  310  to  340  nm  region.  We  have  assumed  a ground  albedo  of  0.05  in 
our  calculations.  Varying  the  true  ground  albedo  by  '0.05  from  our  assumed 
ground  albedo  leads  to  a variation  in  the  inferred  SO2  optical  thickness  of 
approximately  To. 03. 

If  point-sampling  of  the  ground-level  SO2  density  is  made  simultaneously 
with  the  ratio  measurements  (e.g.  flame  photometry) , then  some  inference  on  the 
vertical  extent  of  SO2  can  be  drawn.  This  inference  will  depend  on  how  the  SO2 
mixing  ratio  behaves  as  a function  of  altitude  - a question  which  has  not  been 
answered  by  experimental  measurements. 


The  combination  of  ratio  measurements  in  the  middle  ultraviolet,  photo- 
graphic aureole  measurements  and  point-sampling  of  ground-level  SO2  forms  a 
promising  battery  of  experimental  methods  from  which  information  on  the  state 
of  the  lower  troposphere  can  be  obtained. 
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TABLE  I.  THE  AEROSOL  SINGLE  SCATTER  ALBEDO  Sgg  FOR 
A NUMBER  OF  SIZE  PARAMETERS  a AND  V OF 
EQ.  (1)  AND  INDICES  OF  REFRACTION  m. 
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Diffuse  to  Direct  Ratio 


Fig.  1.  Diffuse  to  direct  ratio  versus  the  total 
SO,  optical  thickness  for  the  solar  zenith  angles 
0*7  15*,  30",  45*  and  60*;  = .4. 


Fig.  2.  Diffuse  to  direct  ratio  versus  the 
total  S02  optical  thickness  for  the  aerosol 
optical  thicknesses  - 0.1,  0.4,  0.7  and  1.0; 
solar  zenith  angle  is  0®. 


. 3.  Diffuse  to  direct  ratio  versus  the  total 
SO2  optical  thickness  for  three  mixing  heights  - 
.5  km  ( ),  1,0  km  ( ) and  5 km  (-•-•); 


.411,  - 0« 


Mixing  Height 


I.  4.  The  relationship  between  the  SO,  opti 
cal  thickness  in  a vertical  column  and  the 
SO2  density  at  the  ground  assuming  the  SO2 
is  well  mixed  to  a mixing  height  of  0.25, 
0.5,  1.0,  2.0  and  5.0  km,  and  above  the 
mixing  height  the  SO,  density  is  zero. 


Altitude  (Km) 


Aerosol  Number  Density 
(Relative  Units ) 


Fig.  5.  The  aerosol  number  density  in  relative 
units  as  a function  of  altitude  for  fecale  heights 
of  1.0  km  ( ),  2.0  km( ) and  3.0  km  (•••). 
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determined  prorortions  of  dlstlncr^^fto^^d^f^  i oonsistliw  of 

wtet^r  the  pixel  contains  the  content  ^I'^^ithm  decides 

pixelnoint  distance  aoainst  an  operator  sj^aces  by  testana  the  footpoint  to 

Of  statistical  or  oeoneSlc  can  be  either 

sul«:lassi^ied  accordirx,  to  the  proportions  oF  the  to  the  test  are 

iLt  ^ ^ Classification  results 

Ttestina  SSlSs‘ir^Sci^?^"^  conditions. 

1.  onRrTxxnoN 

^ data  in  strip  1 Pf  T^TFrie^llM-S^^C^^  ^ S^inst  band  7 for  all 

digital  data  described  in  Figure  1 so  ttarthe^Ixir^'ai?L®'^’^ 

maintained  the  linearity  of  the  data  within^LTb^.  ^ ^ 

types  of  landcover  will 

■to  ass’  t,  a hypothetical  "uniform  surface"  is  ^ ocnponent  landoovers. 

uxfluencing  spectral  reflectanc^^^^^tS  ^ ^ factors 

£*=?.TSts: 

srs  - siir^”^  s*?s  s 

™SSl5  SSoJ?£„n,"SjSJS  ?*"■"»  relatl„«Mp  ,or  . pi,„i 

al  ri-4).  The  author  has  developed  the  an^liSti^  ^ this  r^Sti  ^ HOFWm 

classifier  algorithn,  not  restricted  to  ^ ^ 

2.  THTORPTICAL  DKRIVATTON 

»r.TSs=,t“  « ^ . 

...1 

where:  N^  = N^  (o)  t^  + (h) 

Nj^  (o)  » radiance  of  "uniform  surface"  at  zero  altitude. 
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\ - ataospheric  trananission  cjoefficient  at  heioht,  h 

(h)  - radiation  scattered  into  IPGV  and  emitted  by  the  intervening  atnosphere. 

“ optical  efficiency  of  scanner. 

” area  of  collecting  optics  of  scanner, 
n - solid  angle  field  of  ’Hew  scanner. 

r^.  ^ 

n„daae=*... 

^tecpratinq  for  n uniform  surfaces":— 

fi,  +...+  N n ) n A 

is  A,  and  the  sul^iFW  areas  ^oveLi" by  "uniform  surfaces"  1, 
ni»Ai,  i»i2  n 

n A 

Substitute  into  2 to  give:- 

Is'  *'*■»* s' 

Sc2Sa““,Sj  "■ 


M = Si,  i - 1,2 so  that- 

A 

Rj^  » ai  Rj.  + a2  R2.  +...+  a R , 

* * 1 n nX 

and  the  proportions  must  sun  to  unity  so  that:- 

E " a.  = 1 

r,  i=l 

.:  ^ <^^>x -«hx>  («^x -«hx>  ■"•••+ K i->l,J+R 

If  we  consider  m discrete  wavebands  then-  * 


2fi  n,i  n-j 

”n,2>  )+•••+  a 

"'2  2/2  n,2  n-j 


(R^  - R ) + R 

n-i,2  n,2  n,2 


with^LSS.'SS'lS'rR®"  M.  i-l,n  dlHer„t 

•s . s^5p2iS."„;roj'rcsnsi:ta,*'^ 

In  equation  8,  n must  satisfy:— 

^?^f£fg"t£  ^ gecmetric 

to  the  pixelpoint  is  a miniitun,  and  is  kno^  as  the  euclidean  distance 

by  a least  squares  solution  of  equati^T^^  footpo^t  will  be  found 

probable  values  of  the  unknowns^  those  for^hiS^li^  of^^  ^ 

residuals  is  a minimun.  If  values  (Rl  ni  ^ ^ ^ weighted  squares  of  the 

It  values  (R(,  RJ,.,.i^)  are  the  most  probable  values  as  found  by 


a lecist  squares  solution  of  equation  8,  then  that  solution  minimises 
{(R,  - R!  )*  + (Rz  - Rj  +...+  )*} 

Assuninq  unit  weictfits  or  that  the  covsuriance  eurrays  for  all  nodes  are  equal.  The  footpoint 
may  however,  be  beyond  the  dcxnain  of  the  nodes.  In  this  case  one  or  more  of  the  proportions 
will  be  neqative,  cmd  one  or  more  may  be  qreater  than  1,0. 

It  is  necessary  to  find  a dcmain  footpoint  (ri,  r2,...rm)  that  lies  on  the  qeometric  fiqure, 
and  within  the  dcnain  of  the  nodes.  The  domain  footpoint  proportions  should  have  the 
characteristics : - 

(1)  0 ^ ^1.0  for  i = 1 to  n 

(2)  E a.  = 1.0 
i-1  ^ 

The  optinun  dcmain  footpoint  will  be  that  point  for  which 

{(Ri  - ri)*  + (R2  - r2>*  +...+  (I^  - is  a mininun. 

2.1  Relationship  between  Node  S5urfcioe  and  Proportion 

As  the  ranter  of  nodes  increases  from  n=2  to  n=m  so  the  node  defined  qecnetric  fiqure 
changes  from  a direcrted  line,  to  a plane,  to  a three  dimensional  volone,  etc.  The  dcmain 
of  this  surface  will  be  a line  seqnent,  a plane  trianqle,  a tetrahedron,  etc. 

The  footpoint  will  coincide  with  the  pixelpoint  vhen  the  pixelpoint  lies  on  the  qecmetric 
fiqure.  When  the  pixelpoint  does  not  lie  on  the  qecmetric  fiqure  the  siqn  of  the 
proportions  will  depend  upon  the  position  of  the  footpoint  relative  to  the  dcmain  nodes. 
If  the  footpoint  is  within  the  domain,  then  all  will  be  positive,  and  if  without  then 
some  will  be  neqative.  Neqative  proportions  indioate  that  the  footpoint  lies  across,  and 
beyond,  the  dcmain  from  the  correspondinq  node. 

As  n increases,  the  subset  of  values  contained  within  the  nodes  qecretric  fiqure  will 
increase  relative  to  the  total  set  of  values  in  m dimensiwial  space.  Therefore,  in 
general,  as  n increases,  so  the  footnoint  - pixelpoint  distance  will  decrease. 

When  cftiH-I  then  every  pixelpoint  lies  on  the  nodes  qecmetric  fiqure  and  the  footpoint  - 
pixelpoint  separation  will  be  zero.  If  the  pixelpoint  lies  outside  the  domain  of  the 
nodes,  seme  of  the  proportions  will  be  neqative,  and  determination  of  the  dcmain 
footpoint  is  essential  for  mecininqful  classification. 


where  U is  the  coltim  matrix  of  unknown  oroportions 


»i.  Solution  of 
from  which  a 


have  to  be  found.  Currently  this  is  done  by;- 

(1)  Assiqninq  zero  to  all  neqative  proportions. 

(2)  Make  the  proportions  svm  bo  unity  by  dividinq  each  proportion  by  the  sun  of  the 
non-neqative  proportions. 

However  ^s  procedure  d^s  not  yield  the  optijiun  dcmain  footpoint,  and  at  the  extremities  of 
the  dcmain  can  qive  significantly  qreater  domain  footpoint  - pixelpoint  distances  tian  the 
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It  is  therefore,  a less  than  satisfactory  procedure.  The  dcmain  footpoint  - 
pixelpoint  distance  is  tested  either  statistically  or  qeonetrically  ewainst  a threshold 
value  to  determine  whether  the  pixel  belcnqs  to  that  class  or  not. 

Practical  difficulties  will  frequently  occur  in  defininq  node  covariance  arrays.  Hie 
assuiptions  on  which  the  derivation  of  the  alooritim  are  based,  iirplies  that  these  covariance 
arrays  would  be  approximately  equal.  Hie  law  of  Propaqation  of  Error*  allows  determination  of 
the  dcmain  footpoint  covariance  array  for  independant  node  surfaces.  Hiis  covariance  array 
would  be  atelier  in  maqnitude  than  that  of  the  nodes.  As  the  author  discusses  in  section  4 , 
hcwBver,  when  the  nodes  are  not  independent  the  covariance  array  can  be  expected  to  be  of  the 
same  or  larger  maqnitude  than  the  node  covariance  arrays.  Utilizinq  the  covariance  arrays 
would  significantly  increase  cotputer  time,  both  in  deriving  the  proportions  cind  in  testing 
the  dcmain  footpoint  - pixelpoint  distance.  Hie  author  believes  that  the  increase  in  precision 
that  vculd  be  achieved  would  not  justify  this  cost  and  has  accordingly  adopted  geometric 
thresholds. 

H»se  pixels  that  are  classified  as  belonging  to  a fiarticular  vector  class  c»n  be  sub-class- 
ified using  the  derived  proportions  of  the  dcmain  footpoint  for  the  pixel.  Hie  sub- 
classification could  sijiply  be  in  terms  of  these  proportions,  or  it  could  be  a functional 
relationship  between  the  proportirais  and  seme  envirormentally  oriented  peurameter,  giving  a 
final  sub-classification  defined  in  terms  of  this  parameter.  Hie  present  program  sub- 
classifies in  terms  of  the  proportions  of  the  node  surface  but  the  difficulty  is  in 
distinctly  presenting  eacJi  sub-class  when  the  nutber  of  nodes  become  leurge.  If  the 
proportions  etre  grouped  into  p intervals  within  the  range  of  0.0  to  1.0,  and  there  2ure  n 
nodes  then  there  are  {p  (n-1)  + 1}  distinct  sub-classes  to  be  portrayed.  Hie  one  addition2Ll 

subclass  cibove  { p (n-1)  } is  for  the  Ccise  where  a « 1.0. 

n 

'Itie  author's  approach  is  to  farm  separate  classification  iitBoes  for  each  node,  on  which  the 
different  proportion  intervals  cure  represented  by  a different  syntx)l  or  c^anqe  in  tone. 

The  linages  are  oembmed  by  printing  in  colour,  and  the  discriminability  of  the  sub-classes  can 
be  maintained  by  careful  selection  of  the  hues  if  it  is  remembered  that  the  proportions  eire 
restricted  by  the  necessity  for  them  to  sun  to  1.0. 

4.  FMviRnrwFynaL  suppcwt  for  ciassifier 

Hie  classifier  algorithm  is  based  on  the  assuiption  that  the  nodes  are  discrete  cind 
radiometrically  independant  surface  types,  such  as  sand  cind  scrub. 

For  maximm  benefit  the  classifier  should  be  capable  of  reliably  distinguishing  between  the 
limits  of  a natural  or  artificial  change  in  the  landoover.  For  exanple,  between  healthy 
vigorous  pasture  and  dry,  dead  pasture,  or  between  bare  soil  and  pasture  of  hi^  biomass.  Hie 
many  factors  influencing  UNDSAT  response  from  pastures  nakes  cinalysis  for  linearity 
conditions  diffici^t,  but  essential,  prior  to  reliable  classification.  Two  cases  in  which 
response  changes  in  an  a^iuximately  linear  manner  with  cdi2uige  in  envirounental  ccxiditions 
have  been  investigated. 

(1)  Sanple  areas  have  been  selected  for  nine  turbid  lates  in  Western  Victoria  on  frane 
1129-23494  and  the  sanple  mean  response  values  for  the  lakes  have  been  plotted  in 
Figure  2,  band  5 eigainst  the  response  values  far  the  other  bands. 

(2)  Bool  Lagoon,  in  tte  south  east  of  South  Australia  is  a large  lagoon  which  is  covered 
with  varying  densities  of  bull  rushes  and  sedges  for  most  of  its  area.  Hie  reneinder 
is  clear  veter  with  a dark  floor.  Profiles  taken  across  Bool  Lagoon  on  fraiie  1129- 
23494  have  exhibited  linearity  between  the  response  values  as  shown  in  Figure  3, 
plotting  band  7 against  the  other  bands.  Hiis  data  suggests  that  two  linearities 
were  occurring  in  the  lagoon,  however  subsequent  classification  patterns  indicate  that 
it  is  more  li]<ely  that  only  cxie  appraxiirate  linearity  exists. 

When  classifying  between  the  limits  of  a natural  or  artificial  change  in  landoover  then  the 
nodes  cannot  be  assimed  independent.  If  the  linearity  is  a function  of  the  changing  landoover 
then  Mch  intermediate  landoover  type  can  be  considered  as  a "uniform  surface"  and  its 
covariance  array  could  be  expected  to  be  of  the  same  nagnitude  as  the  covariance  arrays  for 
the  nodes. 

Hie  author  believes  that  in  preictice  the  reason  for  the  linearity  in  response  changes'  with 
changes  in  the  natural  or  artificial  Icuidcover  will  lie  betweai  these  limits  cind  that  the 
use  of  a constant  geonetric  threshold  will  introduce  insignificant  errors  in  classification. 
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5.  RFSULTS  flCHIKVRD 

test  its  reliability  in  two  types  of  situations  namely  that  of 
mscrete  aM  independent  surfaces,  and  where  a natural  or  artificial  surface  has  an  observed 
linearity  between  response  values  on  lANDfiAT. 

5,1  Classification  of  Coastal  Sand  and  Scrub 

^stal  sand  dune  bounded  on  the  south  by  the  Southern  Ocean,  and  on  the 
noryi  ^ Lake  Honney,  vas  selected  because  it  is  covered  in  part  by  scrub  of 
predominantly  ^ paperbark  type.  The  area  was  covered  by  1:10  200  colour  aerial 
ptoto^aphy.  'The  tvro  nodes  were  selected  from  traininq  sets  of  the  data  cind  the 
classification  done  using  the  parameters  given  in  i. 

resultant  lineprinter  irage  were  digitised,  transforred 
and^^ted  at  f*otoscale  onto  clear  film.  This  boundary  map  was  overlaid  on  the 
airpho^  and  from  ^ aiphotos  estimates  were  made  of  the  percentage  sand  area  (to  the 
nearest  ten  percent)  within  each  pixel.  ' 

The  technique  suffers  a ranter  of  sources  of  error  namely 

(1)  The  suiple  transformation  was  designed  to  correct  for  the  shift  every  sixth 
scmluie  ^ to  ea^  rotation,  and  the  differential,  scales  along  and  across 
cuas  an  the  lineprinter  ajreqe. 

(2)  Matching  of  the  boundary  overlay  to  the  aerial  fhotography  therefore  contained 
e^rs  and  displacanents  (te  to  the  nature  of  the  lANDSAT  imagery,  the  aerial 
photography  and  the  positioning  judgements  made  by  the  author. 

(3)  ^ siibjective  nature  of  judging  the  percentage  sandcover  iteant  that  a greater 
dispersion  was  found  in  the  centre  of  the  dcmain  them  at  either  end. 

However,  the  results,  given  in  Table  2.  show  a correlation  between  the  LANDSAT 
classification  and  the  aerial  photograrhic  assessment.  The  lir»e  of  best  fit  between 
the  two  would  nrt  be  1:1,  because  the  sand  in  the  area  of  study  esdiibited  changes  in 
^ texture.  The  sand  eshibiting  higher  response  values  on 
IANDf?AT,  were  selected  as  the  node.  Consequently  other  areas  of  sand  which  had  a 
la^  respoi^  values  fell  adjacent  to  points  further  dcwn  the  vector  and  thus  were 
otten  classified  as  containing  ten  or  twenty  percent  scrub. 

5.2  Clcissification  of  Bool  Lagoon 

betwBOT  bato  response  values  as  found  across  Bool  Lagoon  in  frame 
112^23494,  nodes  were  selected  and  the  lagoon  classified,  the  eastern  half  being  shown 
w Figure  4.  ^^tenance  of  the  linearity  ves  assured  for  two  subsequent  lANDSAT  2 
frames,  2342-23411  and  2359-23351.  z 

^e  response  values  were  selected  fron  the  lANDSAT  data  within  the  lagoon.  Using 

^ classification  of  both  frame  seuients 

TLT?  ^ ^ showTL^^s 

expected  variations  fron  one  date  to  another  within 
surr^ing  svranp  areas.  HcM-ver  the  results  are  very  consistent 
wth  tte  patterns  of  r«ter  surface  and  varying  densities  of  bullrushes  that  have  been 

aerial  photography  of  the  lagoon,  Ihe  area  arxaund  the 
laooon  that  is  not  classified  are  orazinc  paddocks. 

Detained  field  evaluation  of  the  significance  of  the  classification  has  not  yet  been 
done.  The  author  has  cteerved,  however,  that,  given  the  limits  of  spatial  resolution 
of  the  lANDSAT  imagery,  very  subtle  variations  in  radiance,  recorded  as  anall  changes 
in  hue,  brightness  and  saturation  on  the  1:40  000  colour  aerial  ftetography  of  the 
lagoon,  are  alto  seen  as  changes  in  classification.  Particularly  if  the  classification 
resolution  is  increased  to  20  classes  within  the  same  vector  distance,  as  has  been  done 
on  frane  1129-23494. 


6.  (CONCLUSIONS 

Classify  has  shown  to  work  for  both  dissimilar  surface  and  naturally  or  artificlallv 
^a^ng  surface  coitions.  However,  a prerequisite  for  reliable  classification  of  the  ^ 
second  type  of  surface  wcxHd  be  to  establish  that  cm  approximate  line2u:ity  existed  between  the 

Coitions.  ThiT^standing  of  t^^tSS 
between  the  node  surfaces  should,  with  the  subsequent  classification  and  associated  fieldwork 
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result  in  a better  appreciation  of  the  existino  envirorrental  conditions. 

FSch  vector  surface,  representing  a vdule  range  of  different  landcover  conditions  is  contained 
in  a sinple  array  statement  in  the  program.  Sub-classes  can  be  readily  defined  in  terms  of 
the  proportions,  and  very  fine  classification  resolution  can  be  achieved  without  a 
significant  iiKiease  in  required  ccitcuter  store.  The  classification  is  in  terms  of  response 
of  the  node  surfaces,  so  that  a further  step  may  be  required  to  relate  this  to  quantitative 
physical  parameters.  This  transformation  may  well  be  non-linear,  and  car.  be  done  either  as 
part  of,  or  subseqi^tly  bo,  the  classification,  which  is  an  advantage  hty-aiim  it  would 
normally  require  field  data  to  est2U3lish  the  tr^u^sfo^tBtion  parameters. 

The  current  classifier  program  is  rather  slow  and  cnxie,  taking  25  sec  of  cenUal  processor 
time  to  classify  and  display  an  area  of  7,200  pixels.  The  author  believes  that  the  time 
used  for  classification  can  be  significantly  reduced,  but  it  is  unlikely  to  be  as  fast  as 
seme  of  the  sinpler  parallelopiped  type  classifiers.  The  vector  classifier  is  therefore 
unlikely  to  be  cost-effective  for  generalised  classification  work  involving  about  20 
<iiff6rent  landcover  classes.  Its  strength  is  in  much  higher  resolution  classification. 
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FinURR  1. 

DISTRIBUTION  CF  lANDSAT  IMfVGE  DATA,  ■nie 
distrilxition  of  data  in  bcind  5 aqainst 
band  7 is  depicted  as  a contoured  two 
dimensional  histoqram.  TTie  isolated 
clusters  are  the  ocean  and  La)<e  Honney. 


FIGURE  2, 

MEAN  RESPONSE  VALUFS  PC»(  NINE  TORBID  lAKES  IN 
WESTERN  VICTORIA.  On  each  lake  saimle  areas 
v«re  used  to  derive  meein  response  values  in 
all  bands.  The  mean  values  in  bands  4,  6 and 
7 are  plotted  aqainst  band  5. 


FIGURF  3. 

PLOT  OF  RESPONSE  V3ULFS  ACROSS  BOOL  lAOXN. 
The  response  values  for  bands  4,  5 and  6 are 
plotted  aqainst  band  7. 
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FIGURE  4. 

OASSIFICATION  CF  BOOL  LWTOON  ON  29  NOV. 
1972  (FRAME  1129-23494). 
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FIGURE  5. 

(XASSmCATICN  OF  BOX  LAOXN  ON  30  DEC.  1975 
(FRAME  2342-23411) . 
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FIGURE  6. 

OASSIFICaTION  OF  BOOL  lAGOON  ON  16  JAN. 
1976  (FRAME  2359-23351). 
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ABSTRACT 

Time  is  always  a parameter  of  the  spectral  reflectance  of  ground 
materials.  So  far,  multi-spectral  data  have  been  used  in  various  fields. 

On  the  other  hand,  combination  data  which  consists  of  deferent  temporal 
ones  have  been  done  in  few  cases.  In  several  cases,  however,  time  serial 
data  is  very  useful  for  Invesigatlon  of  the  ground  materials  or  knowing 
the  surface  phenomena. 

Nowadays,  multi-spectral  data  analysis  has  been  well  known  technique 
of  remote  sensing  data  analysis.  Multi-seasonal  data  analysis  has  been 
considered  against  It  here.  That  is,  the  analysis  is  not  based  on  the 
multi-spectral  radiance  data-set  which  parameter  Is  wavelength,  but  on 
the  spectral  radiance  data-set  which  parameter  Is  season. 

As  basic  concepts  of  the  multi-seasonal  data  analysis: 

1.  Comparing  multi-spectral  data  with  multi-seasonal  data. 

2.  Relationship  between  the  perlodislty  of  I.ANDSAT  and  the  seasonal 
sense  of  the  Orientals. 

3.  Method  to  register  the  data  which  have  been  acquired  In  different 
time . 

and  as  the  applications,  following  four  examples  are  shown: 

1.  Quality  Investigation  of  paddy  field  by  3 seasonal  LANDSAT  data. 

2.  Progress  check  of  paddy  field  by  3 LANDSAT  data  in  harvest  season. 

3.  Detailed  survey  of  vegetational  environment  by  summer  and  winter 
LANDSAT  data. 

4.  Calculation  of  reclamation  area  1972  to  1976  by  LANDSAT  1 and  2 data. 

1.  INTRODUCTION 

In  case  of  surveying  the  phenomena  on  earth  surface  by  using  the  data  of  spectral  radiance 
which  change  according  to  time,  the  things  about  vegetation  are  the  most  interesting.  The 
difference  between  deciduous  trees  and  evergreen  trees  Is  evident  in  the  existence  of  the  leaf 
in  winter  season.  Also,  some  differences  by  time  are  considerable  among  different  evergreen 
trees  or  grasses.  In  addition  to  vegetation  survey,  geological  features  or  characteristics  of 
soil  may  be  estimated  In  more  detail,  because  such  features  or  characteristics  appear  on  the 
vegetation  covering  them. 

In  general,  the  phenomena  occurlng  on  the  ground  repeats  themselves  in  the  period  of  a year. 
Then,  in  order  to  monitor  our  regional  environment  in  which  we  live,  it  is  expected  that  more 
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Informations  will  be  obtained  in  the  case  of  analyzing  the  remote  sensing  data  corresponding  to 
four  seasons  rather  in  the  case  of  analyzing  the  simple  multi-spectral  data.  Furthermore, 
expanding  the  concept  of  seasonal  sequentially  arraged  data  and  analyzing  them,  some  valuable 
informations  for  each  purpose  will  be  obtained. 

The  reason  why  multi-seasonal  data  analysis  is  more  difficult  than  usual  multi-spectral  data 
analysis  exists  in  two  points.  One  is  the  difficulty  of  acquirelng  timely  remote  sensing  data. 
Another  is  the  difficulty  of  accurate  registration  of  two  IJVNDSAT  scenes. 

After  general  overviews  about  the  concept  of  multi-seasonal  data,  the  relationship  to  multi- 
spectral  data  and  techniques  for  registration  etc.,  four  examples  are  following  in  order. 


2.  PERIODICITY  OF  THE  REFLECTIVE  PROPERTIES  OF  VEGETATION 

Spectral  reflection  properties  of  vegetation  changes  according  to  season.  The  period  is  one 
year  and  about  same  pattern  repeats  Itself.  This  pattern  depends  on  the  kind  of  vegetation, 
climate  characteristics  of  the  region  or  the  features  of  soil. 

When  supposing  a typical  pattern  for  vegetation,  a model  were  considered  as  Figure  2. 

Spectral  reflectance  is  a function  of  season.  In  spring,  the  value  of  infrared  spectral 
reflectance  goes  up  quickly  with  vivid  young  shoots.  In  sunzner,  the  increasing  ratio  drops  down 
and  begins  to  decrease.  On  the  other  hand,  red  spectral  reflectance  value  arrive  the  maxlmimi. 

It  is  the  season  of  red  leaves.  After  this  season,  it  becomes  winter  and  vegetation  stops  the 
acttlvlties  till  early  spring. 

The  periodicity  of  spectral  reflectance  of  vegetation  become  more  evident  by  modifying 
Figure  1 and  developing  the  red  band  value  and  Infrared  band  value  on  the  two  dimensional 
coordinate  as  shown  in  Figure  2.  The  change  of  spectral  reflectance  of  vegetation  is  greater  in 
Infrared  band  rather  in  red  band.  Also  as  for  season,  the  change  will  be  revealed  greater  in 
spring  and  autiznn  season  rather  in  sunmer  and  winter. 


3.  REI.AT10NSHIP  BEI'WEEN  THE  PERIODICITY  OF  LANDSAT  AND  SEASONAL  DIAGRAM  OF  JAPANESE 

It  seems  that  the  periodicity  of  LANDSAT  data,  every  18  days  it  returns  back  to  the  beginning 
orbit,  is  a very  meaningful  properties  to  survey  the  signature  of  land  patterns  or  land  changes 
in  connection  with  season. 

Season  has  been  defined  by  divide  a year  into  24  equal  periods  in  Japan.  Each  dividing  point 
is  called  seasonal  datum  point  and  has  special  name  suitable  for  each  season  as  shown  in  Figure 
3.  These  seasonal  points  have  the  base  line  which  connect  the  sunxner  solstice  point  and  the 
winter  solstice  point  and  cycle  in  order.  The  meaning  of  the  seasonal  points  name  are  as 
described  in  Table  1. 

Having  sensed  the  change  in  mountains  or  fields,  people  has  plowed  so  long  periods  from 
acient  age  under  this  seasonal  diagram.  The  interval  of  seasonal  datim  points  is  about  15  days. 
This  interval  seems  covenlent  unit  to  make  clear  the  transition  of  seasonal  change. 

Today,  when  LANDSAT  data  were  used  for  monitoring  the  status  of  crops  or  vegetation  by  remote 
sensing  technique,  such  diagram  seems  useful.  The  time  interval  of  LANDSAT  covering  same  place 
is  a problem  when  utilizing  the  data  by  such  time  serial  forms. 

The  periodicity  of  18  days  is  close  to  the  Interval  of  15  days  of  seasonal  periods.  If  clear 
LANDSAT  data  were  acquired  every  18  days,  they  would  become  very  timely  and  useful  data  for 
tracing  and  monitiring  the  seasonal  phenomena  specially  of  vegetation  on  the  fields. 


4.  PROBABILITY  OF  SEASONAL  DATA  ACQUISITION 

The  probability  of  obtaining  every  seasonal  multi-spectral  data  by  LANDSAT  is  related  with 
clear  days  of  the  local  area  and  the  month.  If  the  LANDSAT  data  were  acquired  always  every  18 
days,  it  would  be  expected  that  LANDSAT  MSS  data  almost  corresponding  to  24  seasonal  datian 
points  could  be  acquired. 

However  in  actual,  there  are  not  so  many  time  when  clear  daymeets  with  the  Just  LANDSAT 
covering  day.  The  clear  day  is  defined  as  the  day  of  climate  status  of  less  25X  cloudiness 
over  the  whole  sky.  Monthly  and  local  statistics  of  clear  days  is  as  shown  in  Table  2. 
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were  orbited  at  the  same  to  about  60Z  on  April  and  90Z  on  May. 

one  data  acquisition  per  month  will  be  expecteo 


5.  COMPOSITION  OF  MULTI -SEASONAL  DATA 


The  flow  to  compose  the  multl-seasonal  data  from  four  ^L^rejulref T^r 

Figure  4.  Among  J**®  /gglected.  ^Each  IJINDSAT  data  Is  composed  of  t"**' 

seasonal  data  analysis  In  the  four  data  for  each  season,  then 

rr^tirri  rt;mrg  S tL^ni?  information  will  be  produced. 

This  data-set  Is  called  multl-seasonal  data  In  *"aign“t!,re*wU  be  obtainable 

a mSa-sersonal  data  of  the  6th  band.  Such  ^ -/“"“th^e^Lltl-seasonal  data  Is  the 

....  b.  ......  ...b .. 

chlectlve  point  always. 


6.  REGISTRATION  OF  LANDSAT  IMAGES 

LANDSAT  data  taken  In  different  time  have  some  ‘*“^“®"®®®^,°acrof^°eri8t« 

“u;:;  •• 

Treated  by  using  the  Image-100  system  and  used. 

M»bh„d  l:  interacji^jhod  .....A  -.ethod  ‘o  “*‘:J®»‘TTeT"oneT’’STlnrthe  objectives 

lmaiS7~^o  temporal  TSig^s  T sLrellne  or  river,  the  parallax  appearing 

which  Is  r.learly  Identified  os  the  boun  j Por  eliminating  the  parallax,  a 

on  two  images  were  eliminated  and  /T  right  In  parallel  or  rotates  It. 

function  is  added  the  system  which  ^ves  a ^ Is  almost  similar  and 

rhe°sc:irii^eS“uIi  a sufficient  registration  can  be  performed. 

Method^l-^i^^ 

^mruLrcrpTlS:  Tuh  thi  national  topographical  map. 

For  making  LANDSAT  MAP.  Ground  pIlT^hlT  cln  be  clearly 

r;.:n;urj;r::":r.:“b.i;biTS’..-  - .b.. . 

cTneTt  with  both  coordinate  values  Is  determined. 

a re  is  divided  into  two  parts  through  Interim  coordinate  values 
of  ^Lrnrvers:r?;arveTrTMercator*s  projection  (U1T0 . 

i“5  i;  rirair.L“"r.;;»r.'T:.«”i:r.r;b  .b.  ..»sbT  ^ 

. r i»  fhe  accuracy  of  location  Is  nearly  - 40m  In 
In  the  use  of  these  transformation  formula,  the  accuracy 

oractlce. 


7.  CLASSIFICATION  OF  ENVIRONMENT  BY  MULTI-SEASONAL  DATA 

ninrted  on  two-dimensional  signature 

5r;2r..*rr.Tbjb;L- ..  -b.-. ... .. j--  _ 
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Method  2;  Application  of  digital  analysis  of  mul tl-spectral  data This  method  is  an 

application  of  the  numerical  analysis  of  multi-spectral  data.  In  RESTEC  (Remote  Sensing 
Technology  Center  of  Japan),  there  exist  two  methods,  one  Is  the  Multi-Categorical  Analysis 
method  attached  in  the  M-DAS  system,  another  is  the  Single-Cell  Signature  Acqusltlon  or  Multi- 
Cell  Signature  Acquisition  method  attached  In  the  Image-100  system. 


8.  QUALITY  INVESTIGATION  OF  PADDY  FIELD  BY  3 SEASONAL  LANDSAT  DATA  (EXAPMI.E-1) 

As  first  trial  of  multi-seasonal  data  analysis.  It  has  been  Intended  to  make  clear  a 
characteristics  of  paddy  fields  from  three  seasonal  data,  spring,  suimer  and  autumn  ones.  The 
test  area  was  decided  to  the  enclosed  area  as  shown  in  Figure  7.  Figure  8 shows  the  displayed 
scenes  on  the  Image-100  by  each  band  of  I.ANDSAT  MSS  data  corresponding  to  this  area.  Each 
displayed  frame  contains  the  spring,  summer  and  autumn  scene  In  order  from  top  to  bottom. 

From  the  MSS  4th  band  scene,  a special  phenomenon  along  the  shoreline  are  recognized.  As  for 
this,  two  estimations  are  considered.  One  Is  an  Interpretation  that  the  bottom  of  the  lake 
appears  because  water  level  had  been  dovm.  Another  is  an  interpretation  that  some  kinds  of 
vegetation,  probably  Brazilian  Waterweed,  Increased  in  early  spring  and  the  color  of  water- 
surface  changed. 

Also  two  facts  are  known  from  the  7th  MSS  band  data.  In  spring  scene,  the  color  is  black 
near  shoreline,  on  the  other  hand.  It  turns  whitish  as  far  away  from  the  shoreline  to  the  east- 
south-east  direction.  The  black  appearance  of  lakeside  shows  that  the  area  Is  moist  and  the 
white  appearance  near  Notogawa  station  shows  the  growing  vegetation  in  early  spring  which 
reflects  stronger  spectral  energy  of  IR  band.  Quantity  of  vegetation  in  this  place  is  less  than 
ones  in  the  banks  of  the  River  Echl. 

It  turns  white  all  over  the  rice  fields  In  the  summer  scene.  When  autumn  comes,  rice  plants 
are  reaped.  In  the  bottom  scene  of  Figure  9 on  October  24th,  Dalnakanoko  polder  area  looks 
like  white  as  shown  contrary  to  the  spring  scene.  This  Is  due  probably  to  a fact  that  the  rice 
fields  dried  up  and  the  surface  appears  white  or  due  to  a fact  that  new  shoots  of  rice  plants 
had  grown  up  again  after  the  harvest,  then  the  reflectance  of  IR  spectral  band  comes  stronger  up. 

The  Middle  scene  of  Figure  9 Is  one  which  has  been  displayed  by  superimposing  each  seasonal 
data  of  the  7th  MSS  band  and  making  to  a compesite  color  which  consists  of  green,  blue  and  red 
corresponding  to  each  spring,  summer  and  auttnn  scene. 

In  order  to  survey  the  further  details  of  *:hose  signatures  on  rice  fields,  this  scene  was 
categorized  to  some  groups  by  M-DAS.  It  was  executed  by  utilizing  a multi-seasonal  data  which 
was  composed  of  spring,  summer  and  autumn  MSS  7th  band  data.  The  data  format  is  made  to  be  the 
same  form  of  the  LANDSAT  CCTs. 

Training  areas  were  selected  as  shown  in  Table  3.  The  results  of  categorized  area  Is  shown 
also  on  Table  3.  The  categorization  accuracy  is  listed  In  Table  4 and  seems  enough.  The 
distribution  of  categorized  groups  corresponding  to  Table  a appears  on  Figure  10.  A fact  is 
known  that  Dalnakanoko  polder  paddy  field,  Notogawa  paddy  field  and  Ogawa  paddy  field  are 
different  typed  ones  each.  The  features  change  as  far  away  from  the  lakeshore  to  the  Inland. 

In  addition  to  this  multi-seasonal  data  analysis,  three  results  categorized  from  each 
seasonal  data  were  shown  as  Figure  11. 


9.  PROGRESS  CHECK  OF  PADDY  FIELD  BY  3 LANDSAT  DATA  IN  HARVEST  SEASON  (EXAMPLE-2) 

In  this  section,  an  example  of  the  analysis  by  using  the  temporal  spectral  data  nearly 
corresponding  to  seasonal  datixn  points.  This  trial  was  executed  by  3 time  serial  data  acquired 
on  September  11th,  October  5th  and  October  24th  as  shown  In  Figure  12.  This  season  seems 
suitable  for  surveying  the  rice  condition  and  the  harvest  estimation.  Time  Intervals  of  each 
data  are  about  20  days,  although  these  data  do  not  belong  to  a same  year.  By  making  a composite 
color  from  three  data,  the  process  of  rice  harvest  becomes  clear. 

In  a scene  on  September  11th  , so  big  color  differences  do  not  appear  between  on  the  banks 
of  the  River  Echl  and  on  the  rice  fields,  but  the  green  of  the  banks  comes  up  extremely  in  the 
data  on  October  5th. 
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A composite  color  which  was  made  from  each  temporal  scene  by  Riving  blue,  green  and  red  color 
In  order^of  the  seasonal  sequence  shown  on  the  middle  of  Figure  13.  Paddy  fields  sh^  bluish 
and  a east-half  area  of  Dalnakano-ko  polder  where  the  harvest  had  probably  not  yet  finished  at 
that  time  on  October  5th  shows  whitish.  Contrary  to  this,  banks  of  the  river  or  mountains  show 

green. 

Analvzing  the  multi-seasonal  data  at  the  middle  of  Figure  13  by  the  Multl-Categorlcal 
Processor  of  the  M-DAS,  Table  7 Is  obtained.  Five  training  areas  were  chosen.  For  the  PVP°8V 
to  clarify  the  dlfferencies  of  the  harvest  period,  an  early  harvesting  paddy  field  is  drawn  by 
yellow  and  a later  harvesting  paddy  field  Is  done  by  yellow-green  as  shown  In  Figure  14.  The 
Lcuracy  of  categorization  performance  Is  just  shown  In  Table  6 and  seems  to  be  «novR>>; 
SnLtegLlzed  arL  could  be  counted  still  up  to  about  34Z.  However.  It  Is  known  that  these 
places  have  spreaded  concentrically  on  the  river  and  the  banks. 

10.  DETAILED  SURVEY  OF  VEGETATIONAL  ENVIRONMENT  BY  SUMMER  AND  WINTER  1.ANDSAT  DATA  (EXAMPLE-3) 

There  have  been  published  so  far  the  number  of  reports  dealing  with  vegetatlonal  environment 
by  using  IJVNDSAT  data.  Almost  the  reports,  however,  have  been  ones  which  had  been  analyzed  by 
sLgle-seasonal  data  by  itself.  Therefore,  supposing  multi-spectral  data  acquired  In  • 

the^analyzed  results  refer  only  to  a vegetatlonal  distribution  in  the  winter  season.  It  does 
not  mean  that  vegetatlonal  environment  has  been  grasped  enough. 

In  order  to  know  the  vegetatlonal  distribution  as  possible  as  accurate  and  to  grasp  the 
vegeLtLal  environment  properly,  some  multi-spectral  data  acquired  in  f “ 

be  composed  and  analyzed  to  the  meaningful  categories.  In  this  example. 

Tokyo  area,  the  detailed  distribution  of  evergreen  trees,  deciduous  trees  and  grass  fields  were 
invLtigated  In  two  cases.  One  Is  a case  of  single-seasonal  data.  Another  case  Is  of  double- 
seasonal  data. 

Used  data  and  analysis  system  : Both  LANDSAT  data  acquired  on  December  1972  (wlter  data)  and 
on  July  1976  (summer  data)  were  chosen  as  the  objective  data  for  this  study.  As  for  analysis 
system,  the  M-DAS  was  used. 

In  order  to  register  both  scenes  accurately  and  also  to  make  easy  the  correspondence 
between  LANDSAT  picture  elements  and  ground  objective  locations,  a couple  of  topograp  ca  map 
(scaled  1:25,000)  compatible  LANDSAT  MSS  data  was  compiled  by  rearranging  IJINDSAT  pixels. 

The  effect  of  utilization  of  the  new  arrayed  LANDSAT  CCT  (called  LANDSAT  MAP  temporally)  was 
proved  to  exist  in  availability  of  the  speedy  correspondence  against  the  ground  data  acquired 
by  interpretation  of  color  aerial  photograph  or  ground  truth  surveying,  rather  in  convenience 
of  the  superimposing  procedure  Itself.  The  project  area  Illustrated  Is  shown  In  Figure  15. 

Flow  of  the  studv  : As  the  first  approarch,  a fairly  detailed  classification  on  vegetatlonal 
ground  coverage  was  done  by  using  summer  and  winter  data  respectively.  Next,  In  order  to  compose 
a double-seasonal  MSS  data  from  single-seasonal  MSS  data  as  shown  in  Figure  16,  n^ber  of 
spectral  bands  which  seems  to  be  Influenced  by  the  seasonal  change  of  vegetatlonal  environments 
was  determined. 

Figure  16  show  the  concept  of  assembling  the  double-seasonal  MSS  data.  Extracting  each  two 
channels  from  summer  and  winter  data  respectively,  assembled  data  was  made  Into  the  same  fora 
of  ordinary  IJINDSAT  CCT  fomuU.  Same  classification  procedure  was  taken  for  this  data  as  w 
for  single-seasonal  MSS  data  also,  and  the  results  was  compalred  and  evaluated  with  the  firs 
stage  ones. 

Categories  of  classification  are  sea.  Inland  water,  factories,  densely  build-up  area, 
residential  lots  and  vegetation.  As  for  vegetation,  further  detailed  classification  was 
conducted.  The  categories  were  divided  Into  lawn,  grass  fields,  evergreen  trees  on  grass 
deciduous  trees  on  grass  field,  forest  of  evergreen  trees,  forest  of  deciduous  trees  and  the 
mixed  place. 

For  the  purpose  of  easy  allocation  of  the  training  areas  for  vegetatlonal  division,  3 times 
expanded  L,\NDSAT  data  of  Yovogl  park  area  was  made.  Training  areas  given  for 
vegetation  were  designated  by  referlng  to  the  classification  draft  of  Figure  17  which  ^ad  be 
crLted  by  comparing  the-spot-ground  surveyed  data  with  the  aerial  photograph  of  YoyogI  park 
scaled  1 to  8,000  shown  In  Figure  18, 
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Short  suamary  : It  is  confirmed  that  better  solutions  can  be  obtained  when  using  suitable 

double-seasonal  data  for  the  purpose  of  surveying  the  vegetational  environments  by  LANDSAT  data. 
In  case  of  the  survey  of  detailed  vegetational  environment,  it  is  difficult  to  do  completely  by 
only  single-seasonal  MSS  data.  On  the  contrary,  in  case  of  using  suitable  double-seasonal 
spectral  data  composed  of  5th  and  6th  band  each,  it  is  easy  to  perform  the  separation  among 
evergreen  trees  and  deciduous  trees  or  the  mixed  ones.  Thnt  is,  very  similar  results  to  actual 
one  seems  to  be  obtained. 

Vegetational  environment  of  Tokyo,  as  shown  in  Figure  27-a,  is  better  in  the  west  side  trtiere 
much  residential  lots  are,  than  in  the  east  side  where  many  streets  or  factories  exist. 


11.  CALCULATION  OF  RECLAMATION  AREA  1972  TO  1976  BY  LANDSAT  1 AND  2 DATA  (EXAMPLE-4) 

By  using  two  LANDSAT  scenes  both  covering  Tokyo  district  on  December  14th,  1972  and  on  July 
29th,  1976,  the  scope  and  distribution  of  lands  which  were  reclaimed  along  the  shoreline  of 
Tokyo  Bay  in  this  period  are  Inveslgated.  Time  Interval  is  changed  from  seasonal  one  to  far 
long  one,  about  four  years  in  this  application.  This  analysis  is  considered  to  be  an  extension 
of  the  multi-seasonal  data  analysis.  Process  of  the  study  is  as  follows: 

At  first,  accurate  registrations  were  conducted  by  some  ground  control  points.  Next,  a 
composite  spectral  data  was  reproduced  from  each  LANDSAT  MSS  data  by  extracting  the  5th  and  6th 
band . 

Reclamation  areas  were  identified  on  this  data  through  a technique  of  Single-Cell  Signature 
Acquisition  of  the  Image-100  (Single-Cell  Method).  The  5th  and  6th  band  are  decided  by  follow- 
ing reason.  The  biggest  difference  of  spectral  value  appears  in  the  6th  band  in  order  to 
distinguish  land  from  water.  In  addition,  the  5th  band  which  is  in  visible  range  and  less 
Influenced  by  atmospheric  conditions  was  chosen. 

Whole  view  of  reclaimed  area  in  Tokyo  Bay  : The  first  step  to  know  the  scope  and  distribu- 

tion of  reclaimed  area  in  Tokyo  Bay  is  to  expand  the  I.ANDSAT  MSS  image  on  the  Image-100.  The 
size  of  display  monitor  of  the  Image-100  is  512  x 512  pixels.  If  one  pixel  is  taken  to  100  m sq. 
51.2  Km  sq.  area  appears  on  the  CRT  surface.  The  outer  frame  of  Figure  29  shows  the  range.  Both 
displays  1 images  of  LANDSAT  1 and  2 corresponding  to  the  frame  are  shown  in  Figure  30.  The 
coordlna  e values  for  the  four  corners  are  listed  in  Table  8.  Two  Images  had  been  produced 
to  be  S'i^  i Imposed  with  maximum  error  of  one  pixel. 

After  extracting  the  5th  and  6th  band  from  each  MSS  data  and  processing  them  by  the  Single- 
Cell  Method,  orange  parts  come  up  as  reclaimed  land  as  appearing  in  Figure  31.  Nuaber  of  orange 
pixels  is  2419  and  this  is  equivalent  to  24.19  km^.  Spectral  ranges  corresponding  to  orange 
parts  are  14-24  (MSS  5 of  LANDSAT  1),  4-16(MSS  6 of  LANDSAT  1),  68-118  (MSS  5 of  LANDSAT  2)  and 
58-114  (MSS  6 of  LANDSAT  2)  by  each. 

Partial  view  of  reclaimed  area  in  Tokyo  Bay  : Above  display  is  not  enough  to  know  the 
detailed  distribution  of  the  reclaimed  area  or  to  calculate  the  area.  For  this  purpose,  it  had 
better  to  make  an  enlarged  scene.  Here,  the  enlarged  scenes  were  made  by  adjusting  a pixel 
size  so  as  to  become  20  m sq.,  equivalent  to  0.04  ha.  Whole  image  on  the  Image-100  becomes 
10.24  km  sq.. 

Choosing  8 divisions  where  reclamation  had  been  progressed  in  Tokyo  Bay,  each  enlarged  image 
of-LANDSAT  1 and  2 was  produced.  The  8 divisions  were  shown  in  Figure  29  and  coordinate  values 
of  each  four  corners  were  listed  in  Table  8.  Also  the  distribution  of  reclaimed  area  is 
recognized  by  the  green  alarm  shown  in  Figure  29.  The  spectral  signature  is  in  Table  9. 

Spectral  values  of  LANDSAT  1 are  relatively  small  because  those  areas  had  been  sea  surface 
at  that  1972.  After  reclamation,  the  spectral  reflectance  turns  to  ones  proper  for  soils  or 
rocks  and  takes  very  heigh  values. 

Though  saying  simply  it  is  reclamation  in  general,  there  exists  already  completed  ones,  and 
also  now  constructing  ones,  too.  Spectral  reflectance  is  like  of  soils  with  grass  or  like  of 
concreate  surface  in  completed  reclamation  area.  On  the  contrary,  it  is  inclined  to  be  lower  in 
constructing  ones  because  some  places  were  drawn  under  water. 

Therefore,  when  various  reclamation  lands  are  involved  in  a same  division,  it  is  difficult 
to  fulfil  the  theme  extraction  by  only  an  operation.  In  such  case,  according  to  the  condition 
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of  reclamation,  a few  of  Single-Cell  Method  should  be  applied  for  each  characteristic  reclama- 
tion and  they  should  be  summed  up.  For  example,  in  Edogawa  division,  the  analysis  was  conducted 
for  three  kinds  of  reclamation.  Specified  color  for  these  are  pink,  yellow  and  ochre  as  shown 
in  Figure  29 . 

Accuracy  of  area  calculation  ! The  degree  of  accuracy  about  the  distribution  and  calculated 
area  of  reclaimed  lands  obtained  through  above  procedure  was  estimated  by  following  comparison. 

Each  division  with  the  green  alarm  of  reclamation  on  the  CRT  of  the  Tmage-100  was  taken  on 
slide  films.  These  films  were  projected  on  the  topographical  map  scaled  1 to  50,000.  All 
reclaimed  lands  appearing  on  these  films  were  traced  under  some  adjustment  and  the  area  was 
measured  planlmetrlcally.  The  results  is  shown  at  most  right  colomn  of  Table  9. 

After  comparing  those  values  with  ones  obtained  from  Single-Cell  Method,  the  differences  were 
listed  up  and  known  to  be  about  0.4  sq-km.  These  seem  to  be  the  things  which  show  the  perfor- 
mance of  Single-Cell  Method.  It  is  cosldered  that  these  differences  do  not  depend  on  the  scale 
of  the  reclaimed  area  but  on  the  frame  size  Itself,  512  x 512  pixels  here.  Then  it  had  better 
to  say  that  classification  error  is  0.8%  per  a frame. 

Grand  total  of  reclaimed  area  in  Tokyo  Bay  is  proved  to  be  33.8  km^  by  Single-Cell  Method 
and  also  33.4  km^  by  planimetry. 


12.  CONCLUSION  AND  PROSPECT 

Technical  problems  of  multi-seasonal  data  analysis  are  summerized  to  following  points: 

1.  Possibility  of  timely  data  acquisition. 

2.  Degree  of  accurate  registration  for  multi-seasonal  data. 

The  possibility  of  timely  data  acquisition  depends  almost  on  weather  only.  Number  of  clear 
days  with  25%  less  cloud  is  different  in  regions.  When  viewing  all  regional  data  of  Japan,  clear 
days  are  considered  to  be  about  20  to  60  days  and  have  seasonal  deviations  besides.  As  for  Tokyo 
district,  on  the  contrary  to  12.3  days  per  month  on  January,  average  number  of  clear  days  from 
June  to  August  reaches  merely  1.3  days  per  month.  Such  small  statistics  of  the  clear  days  means 
that  it  is  very  difficult  to  acquire  the  LANDSAT  data  of  the  season.  However,  it  is  considered 
that  simmer  seasonal  data  fulfil  very  Important  roles  in  order  to  investigate  the  vegetational 
environments.  Then,  if  it  were  desired  to  increase  the  probability  of  data  acquisition  in  this 
season,  more  LANDSAT  satellites  would  become  the  solution. 

As  for  accurate  registration  among  seasonal  LANDSAT  data,  the  best  way  is  considered  to  use 
the  LANDSAT  data  in  the  form  of  the  LANDSAT  MAP  which  reproduced  from  raw  LANDSAT  CCT  by  ground 
control  points  in  order  to  superimpose  accurately  to  the  national  topographical  map. 

Referlng  to  ground  truth  for  multi-seasonal  data  analysis,  the  data  related  to  this  is  very 
few.  Variations  of  spectral  reflectance  with  respect  to  various  vegetation  should  be  measured 
through  a year  in  various  regions.  It  remains  as  a future  study  that  in  what  fields  the  multi- 
seasonal  data  analysis  will  be  effective.  In  this  report,  four  examples  have  been  shown  but 
these  are  a little  part  of  the  possibility.  Multi-seasonal  data  analysis  will  have  many 
applications  specially  in  the  field  related  to  vegetation. 
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Figure  1.  A seasonal  change  of  spectral 
reflectance  of  vegetation 
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Table  1 


Meanings  of  Japanese  seasonal 
points  name 


No. 

Sato 

Meaning 

1 

lltohun 

Pcb  04 

the  aettlng-ln  of  aprlng 

2 

Uaul 

Feb  19 

rain  rather  than  enow 

3 

Koichltou 

Ki.  06 

vlnterlng  wonM  crael  out 

4 

Shunbun 

Mar  21 

the  vernal  equlnoa 

S 

SclMl 

Apr  05 

clear  and  bright  aeaaon  when 
treea  and  planta  begin  to  pwt 
for  the  young  ahoota 

« 

Kokuu 

Apr  20 

rain  for  crop# 

7 

llkko 

May  06 

the  flrat  day  of  atMwr 

8 

ShoiflMn 

May  21 

flelda  and  nountalna  becoae 
full  of  vegltatlOB 

9 

louahu 

Jun  06 

aow  the  aeeda  of  areatae 

10 

Cothl 

Jun  22 

the  auMer  aollatlc# 

11 

Shouoho 

Jul  07 

the  aecond  hotteat  aeaaon 

12 

Taltho 

Jttl  23 

the  hotteat  aaaaoo 

13 

Rlshg 

Auf  08 

the  aetting-in  autuan 

14 

Shosho 

Au«  23 

end  of  hot  aeaaon 

15 

Hokuro 

Aep  08 

white  dew 

U 

Shubun 

Sep  23 

the  autuanal  equlnoa 

17 

Konro 

Oct  09 

cold  dew 

18 

Soukou 

Oct  24 

front 

19 

Rtttott 

Nov  08 

the  flrat  day  of  winter 

20 

Sbosotta 

Nov  23 

light  anew 

21 

Talsotto 

Dec  07 

heavy  anew 

22 

Tovjl 

Dec  22 

the  winter  aolatlce 

23 

Shoukan 

Jan  06 

the  aecond  coldeat  aeaaon 

24 

Talkan 

Jan  20 

the  coldeat  aeaaon 

r % 

• m 

1 • 

ruc« 

Jan 

Pab 

Har 

Apr 

H.y 

Jun 

Jttl 

Aug 

Sap 

Oct 

Hov 

D.C 

Total 

• 

Keuro 

<».» 

(7.7) 

(*.7) 

(3.3) 

1.0 

0.7 

0.0 

0.0 

2.7 

S.7 

4.7 

(S.O) 

17.S 

9 

Abashlrl 

(l.U 

(3.0) 

(1.7) 

(*.7) 

1.0 

2.3 

2.3 

0.7 

3.3 

3.0 

(2.7) 

(3.7) 

16.6 

9 

Kuthlro 

(U.7) 

(9.7) 

(7.0) 

(*.3) 

1.0 

0.3 

0.0 

1.7 

1.3 

S.7 

9.0 

(12.3) 

22.0 

10 

AMhtk«w« 

a.j) 

(1.7) 

(3.0) 

(5.7) 

1.7 

4.0 

1.0 

1.3 

3.3 

4.7 

(0.7) 

(0.3) 

16.0 

10 

Obihlrv 

(12.7X13.7) 

(7.3) 

(5.0) 

1.7 

2.0 

0.7 

1.0 

3.3 

S.3 

S.7 

(11. 3> 

23.7 

10 

HortokA 

<l.3> 

(1.3) 

(1.7) 

3.0 

4.3 

1.3 

0.0 

0.7 

1.3 

3.0 

3.3 

(1.5) 

IS. 9 

10 

S«nd«i 

(S.O) 

(*.3) 

(3.7) 

3.0 

6.0 

3.0 

1.7 

2.3 

2.0 

4.7 

3.3 

(2.7) 

W.O 

10 

FukuahlM 

(J.O) 

(3.3) 

(3.7) 

4.3 

6.3 

2.0 

1.7 

3.0 

1.0 

4.3 

3.3 

(2.7) 

23.9 

10 

Tokyo 

12.3 

6.7 

6.0 

3.7 

3.0 

1.3 

1.3 

1.3 

1.7 

4.3 

6.3 

S.O 

37.9 

10 

OahlM 

11.3 

4.7 

6.0 

4.0 

3.0 

1.7 

1.0 

1.3 

2.3 

4.7 

6.0 

10.7 

36.7 

10 

HachljojlM 

2.0 

0.0 

1.7 

3.3 

2.0 

0.7 

1.0 

1.7 

3.3 

2.7 

3.7 

2.7 

24. S 

11 

Uakkanal 

(0.0) 

(0.7) 

(3.3) 

(1.7) 

0.7 

2.0 

1.7 

2.3 

4.7 

4.3 

(1.7) 

(0.0) 

13.7 

11 

Sapporo 

(1.3) 

(1.7) 

(2.0) 

(5.3) 

2.3 

2.3 

2.0 

1.3 

4.3 

6.3 

(2.0) 

(1.3) 

16.3 

11 

Hakodato 

(1.3) 

(7.3) 

(2.3) 

3.0 

2.3 

3.0 

1.3 

2.3 

4.0 

7.0 

2.7 

(0.0) 

27.5 

11 

Akita 

(0.0) 

(0.0) 

(0.7) 

1.3 

2.7 

2.7 

2.7 

1.3 

3.0 

3.3 

2.0 

(0.0) 

15.0 

11 

Sakata 

(0.0) 

(0.0) 

(0.7) 

2.0 

3.0 

4.0 

3.0 

2.3 

2.7 

1.7 

1.7 

(0.3) 

22.4 

11 

NitgaCa 

(0.0) 

(0.0) 

(1.3) 

2.7 

6.0 

3.0 

2.3 

2.3 

2.3 

2.3 

1.7 

(0.3) 

22.6 

11 

Koufu 

14.3 

9.7 

S.O 

4.7 

4.7 

1.3 

0.0 

0.3 

0.7 

6.3 

S.7 

13.3 

72.0 

»> 

Oaatiakl 

13.7 

9.3 

7.7 

4.3 

2.7 

2.3 

0.7 

0.7 

2.3 

3.0 

9.3 

14.3 

74.3 

Toyaaa 

(0.7) 

(0.7) 

(3.0) 

3.7 

3.0 

2.0 

1.0 

2.3 

1.0 

3.7 

2.3 

(0.0) 

21.0 

12 

ltd* 

(9.3) 

(7.0) 

(*.7) 

4.3 

3.3 

2.7 

0.3 

0.3 

0.7 

4.7 

6.0 

6.0 

50.) 

12 

Kaioya 

4.3 

7.0 

7.7 

4.7 

7.0 

4.0 

1.0 

3.7 

3.0 

9.0 

7.0 

S.7 

39.1 

n 

Tauruga 

(0.7) 

(1.0) 

(2.3) 

4.0 

4.0 

1.7 

2.3 

3.3 

2.0 

3.3 

3.0 

(0.3) 

23.6 

13 

Oaaka 

6.0 

3.3 

6.0 

6.3 

4.7 

3.3 

0.7 

2.0 

1.7 

6.0 

S.O 

3.0 

36.0 

13 

Shlonoalaakl 

11.7 

S.O 

6.3 

3.3 

3.7 

2.7 

1.0 

2.7 

4.3 

6.7 

9.0 

9.) 

6S.7 

14 

Tot tori 

(0.7) 

(0.3) 

2.0 

4.7 

4.7 

3.3 

3.0 

2.7 

3.3 

9.0 

3.3 

(2.7) 

39.7 

Original  pagi*' 

dppoorq^°i® 


15 

Salgo 

15 

Hlroahtaa 

15 

Hatauyana 

15 

Miyazaki 

It 

Shlaonoaakl 

1* 

Fukuoka 

It 

Kagoahlaa 

It 

Kaba 

17 

Izuhara 

17 

Nagaaakl 

17 

Naac 

IJ 

lahlgakijiaa 

Table  2.  The  number  of  • 

days  per  month  with  25Z  

or  less  cloud  cover 

for  local  areas.  7 

Note  1.  This  list  Is 

statistics  by  Monthly  • 

Report  of  the  Japan 

Meteorological  Agency  

(1967  to  1969).  ^ 

2.  ( ) shows  the  

month  when  snow  covers 

the  ground  more  than 

7 days . 


iote  : These  numbers  were 

assigned  by  the  Science 
and  Technology  Agency 
of  Japan  In  order  to 
Inform  easily  the 
location  of  any  lANDSAT 
scene  to  the  researchers. 


COURSE  NO. 


Course  numbers  and  line  numbers  for  LANDSAT 
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Figure  A.  Composition  of  Multi-Seasonal  Data 
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Figure  5.  Registration  of  LANDSAT  Image 


Figure  6.  Two-seasonal  sigunature  space 
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Figure  7.  Investigated  field  at  BIWA  lake  side  (5km  X 15km) 


Figure  9.  Simply  superimposed 
color  (middle  frami-| 


Figure  12.  Repeated  I^NPSAT 
scene  about  20  days  interval 


Figure  8.  Hulti-Seasonal  lANDSAT  raw  data 
(Spring  -F  Summer  -F  Autumn] 
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13.  Superimposed  image  of  3 MSS  data 
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Table  5.  Results  of  categorized  area 
by  MCF  Method  (Ex.-l) 


Figure  14.  Categorized  area  displayed 
by  M-DAS 
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Table  b.  Categorization  performance  [Ex. -2] 
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Figure  10.  Color  display  of  categorized  area  [Ex 
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Figure  11.  Each  categorization  for  three  seasons 


Figure  15,  Study  area  (Ex. -3) 
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Figure  18.  Color  aerial  photograph 
for  Interpretation 
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Figure  17.  Classification  Draft 
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Figure  19-a.  False  Color 
rendition  of  winter  data 


Figure  19-b.  False  color 
rendition  of  winter  dat; 


Figure  20-a.  Classification 
products  of  winter  data 
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Figure  2A-a.  Classification 
products  of  sunmier  data 


Figure  24-b.  Classification 
products  of  sunnier  data|x3} 
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Table  8.  Coordinate  values  for  four  corners  of  each  reclaimed  site 
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Ann  Arbor,  Michigan 

ABSTRACT 

A digital  processing  and  analysis  scheme  for 
use  with  digitized  synthetic  aperture  radar  data 
has  been  developed.  Using  data  from  a four- 
channel  system,  the  imagery  is  preprocessed  using 
specially  designed  software  and  then  analyzed 
using  pre-existing  facilities  originally  intended 
for  use  with  MSS  type  data.  Geometric  and  radio- 
metric  correction  may  be  performed  if  desired,  as 
well  as  classification  analysis,  Fast  Fourier 
transform,  filtering  and  level  slice  and  display 
functions.  The  system  provides  low  cost  output  in 
real  time,  permitting  interactive  imagery  analysis 
System  information  flow  diagrams  as  well  as  sample 
output  products  are  shown. 


1 . INTRODUCTION 

A multi-channel  Synthetic  Anerture  Radar  (SAR)  system  has  recently  been 
developed  at  ERIM  [1].  As  with  a conventional  multispectral  scanner  (MSS)  the 
purpose  of  multichannel  radar  is  to  obtain  more  information  about  the  surface  of 
might  otherwise  be  possible  with  a single  channel  system.  With 
multichannel  radar  imagery  each  channel  interacts  with  the  roughness  of  tareet 
different  way  to  produce  different  degrees  of  diffusivity  (hence 
intensity  of  reflection  back  to  the  antenna)  and  depolarization.  These 

in  image  interpretation.  Existing  analysis  techniques  used 
with  MSS  data  can  be  successfully  applied  to  SAR  data  [2].  There  are,  however 
several  inherent  problems  with  SAR  data  that  must  be  considered  and  in  most 
cases  corrected  before  digital  exploitation  techniques  can  be  effectively 

This  paper  discusses  a software  system  which  has  been  specifically  desiened 
to  process  multichannel  SAR  data  interactively.  The  package^^contains  provisions 
geometric  and  relative  radiance  distortions  inherent  in^the  SAR 
conversions  of  geometry  based  on  slant  to  ground  ranee 
"3dir , antenna  radiation  pattern  and  R^  power  losses 

chanieirproduceJ^by^tJl  SAr!”'°''^‘^"  registration  of  the  four  data 

Once  the  preprocessing  and  corrections  have  been  performed,  the  software 
package  permits  display  of  the  imagery,  level  slicing,  histogramming , 

sipature  analysis.  These  can  be  done  interactively  in 
CALCOI^  a Tektronix  graphics  display  terminal  or  as  hard  copy  using  a 

CALCOMP  plotter,  line  printer  or  color  ink  jet  printer. 

The  processing  software  is  resident  on  the  University  of  Michigan  Terminal 
system,  a large  multiprocessing  system  capable  of  simultaneously  supporting 

^AHL  interactive  terminals.  This  systL  uses  an 

^AHL  470  central  processing  unit  under  a University  of  Michigan  designed 

tEncf  The  processing  software  is  capable  of  generating  mafnetic 

expfoitatLriacmtles!"  " ERIM-ARIES  [3J  (RADAR)  and  MIDaI  (MSS)  [A] 
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The  software  package  described  In  this  paper  was  a modification  of  the 
University  of  Michigan  LIGMALS/H  processing  system.  The  modification  was 
implemented  through  the  use  of  a series  of  add  on  modules.  LIGMA.  /H  is  a 
modular  interactive  processing  package  designed  for  real  time  processing  of  MSS 
data  [5].  The  LIGMALS/H  architecture  permits  the  modification  and  expansion  of 
system  capabilities  through  the  use  of  simple  program  modules.  This  approach 
permits  maximum  flexibility  during  the  development  and  testing  of  various 
processing  algorithms. 

The  SAR  data  used  in  this  study  was  obtained  from  the  ERIM  multichannel 
radar.  This  is  a dual  wavelength-dual  polarization  SAR  system  that  simultaneously 
images  at  X-band  (3.2  cm)  and  L-band  (23.5  cm)  wavelengths. 

Alternate  X- and  L-band  pulses  (either  horizontally  or  vertically  polarized) 
are  transmitted  and  reflections  of  both  polarizations  received;  thus  four 
channels  of  radar  imagery  are  simultaneously  obtained.  Both  polarizations  of 
X-band  are  recorded  on  one  film  and  both  polarizations  of  L-band  on  another. 

Previously,  with  a SAR  capable  of  imaging  with  a single-wavelength  at  any 
one  time,  successive  passes  were  required  for  multiple  wavelength  images.  This 
constraint  causes  problems  in  image  gathering  and  interpretation,  particularly 
if  a significant  length  of  time  intervenes  between  the  imaging  passes.  Because 
of  simultaneous  imaging,  multiplexed  SAR  imagery  has  several  advantages: 
identical  imaging  parameters  for  each  wavelength  (radar  look  direction, 
depression  angles,  etc.),  the  same  imaged  swath,  the  same  motion  errors,  and  the 
same  terrain  conditions  (surface  texture,  slope  orientations,  veg'*-.ation , etc.). 
Also,  multiplexed  SAR  imagery  is  easier  to  machine-process  because  image 
registration  is  simplified. 

The  rationale  for  using  a digital  computer  as  opposed  to  photographic 
products  for  image  analysis  is  two-fold;  digital  coding  permits  the  storage  of 
data  with  a very  large  dynamic  range  and  facilitates  the  use  of  automated 
processes  for  target  identification  and  analysis.  Although  radar  sensors 
frequently  operate  with  a range  of  return  brightnesses  spanning  60  dB,  most 
photographic  emulsions  can  only  record  intensities  with  a dynamic  range  of 
17-20  dB  with  a linear  response.  Further,  because  of  brightness  compressions 
associated  with  this  nonlinear  response  pattern,  many  gradational  details  in 
image  can  be  lost  due  to  "lumping"  of  brightness  levels  at  the  extreme  bright 
and  dark  ends  of  the  response  window.  The  wide  dynamic  range  capabilities  of 
CCT's  makes  it  possible  to  store  images  of  this  sort  without  loss  or  compression 
of  brightness  details.  Further,  digital  computers  can  be  programmed  to  perform 
supervised  and  unsupervised  target  recognition  and  classification  processing  on 
radar  data  stored  in  CCT  form. 

The  data  was  digitized  using  the  ERIM  hybrid  optical-digital  processor  [3]. 
This  facility  exploits  the  optical  correlation  for  the  computations  necessary  to 
reduce  the  signal  film  to  an  image.  It  presents  the  full  dynamic  range  of  the 
radar,  by  digitizing  the  image  at  the  output  plane  with  an  image  di  sector.  The 
data,  digitized  to  256  grey  levels,  was  recorded  on  computer  compatible  magnetic 
tape  (CCT's).  ® 


3 . SYSTEM  DESCRIPTION 

Figure  1 illustrates  the  flow  of  data  through  the  ERIM/RADAR  digital  data 
processing  system.  Basically,  optically  processed  SAR  data  is  digitized  on  the 
ERIM  image  dissector  facility.  The  output  CCT  (800  BPI)  from  this  procedure  is 
then  run  through  a modular  pre-processing  stack  that  can  perform  one  or  all  of 
the  following  pre-processing  algorithms: 

1)  Slant  to  Ground  Range  conversion 

2)  Antenna  radiometric  corrections 
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3)  power  loss  correction,  and 

4)  Four-channel  registration. 


Figurr2^*^^°"^^  details  of  these  four  pre-processing  algorithms  are  outlined  in 

data  has  been  pre-processed,  it  can  be  interactively  exploited  in 
alglriSL''iJclude%he'^il!t?1“  -nd  display  system.  Exploitation 


1)  Level  slice 

2)  Ratio  two  channels 

3)  Subtract  two  channels 

4)  Histogram,  and 

5)  perform  densitometry. 


alternltPlv^hB^^?*^  8®o™etrically  and  radiometricly  corrected)  can 

?nr?ma|ery  ou^Ju^  ® dissector  facility  to  produce 


k=,  k”  to  the  above  mentioned  exploitation  algorithms  other  chances 

system  to  more  effectively  handle  SAR  datl. 
These  include  a two-dimensional  Fast  Fourier  Transform  algorithm  and  a movine 

which'^lfi^H^’^i^"® filter)  and  integration  algorithm  (low  pass  filter) 

decrease  the  amount  of  coherent  speckle  without 
^ resolution.  These  functions  are  shown  in  Figure  1 


or  disDlavpd^?n‘^«pi‘^f?  displayed  at  this  point  on  the  RAMTEK  (ARIES)  facility 
or  displayed  in  real  time  using  a remote  Tektronix  Terminal.  The  Tektronix  ^ 
terminal  is  used  for  graphical  and  statistical  displays  as  well  as  inLractive 
generation  of  gray  tone  images.  Hard  copy  of  Tektronix  displayed  data  is  produced 
on  a CalComp  plotter.  The  three  data  products  available  on  the  CalComp  plotter 


1)  X-Y  plots  (histograms  and  brightness) 

2)  gray  tone  images 

3)  3-color  Images. 


Gray  map  using  a seven-character  representation  are  also  available.  These  appear 
on  standard  computer  print  out  paper  (44.5  cm  wide).  appear 

►k  Additional  interface  software  has  been  developed  to  permit  communication  of 
imagery  to  the  piM/MIDAS  processing  facility  for  use  with  its  high 

.nd  thplE  ■=‘>”«P<»’'“n8  loctlon.  The  channel,  u.ed 


X-Band,  horizontally  polarized  - MAGENTA 
X-Band,  cross  polarized  - YELLOW 

L-Band,  horizontally  polarized  - CYAN 


..orr  investigations  indicate  that  a multichannel  composite  image  of  this 

tone  images  of^thp  famf "k  interpreter  than  singll  channel  g«y 

registration  bPtwLrnk  ' ^Extreme  care  must  be  taken  to  insure  proper 

Ind  b^veirdiffYcult  k*’®  Tkf*®  produced  will  produce  false  artifacts 

y Ifficult  to  interpret.  This  procedure  can  also  be  used  with  multi- 
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a^3In“jroper"«gist«tiJrbe^  detection, 

involve  rotations  and  "rubber  sheet"  stretchinc  to  This  may 

fit  between  passes.  retching  to  provide  the  best  possible 

4.  CONCLUSIONS 

The  use  of  a modular  system  allows  the  flexlhlHt«  j ■, 

software  programs  to  the  LIGMALS  system  more  efficieJtlv  special  purpose 

active  Tektronix  terminal  allows  users  to  analyse  Sl^a  JuicUy.^ 

utilized  with  only  minor'^modif ications^permits^the*^imDl'’’^^  systems  were 

processing  scheme  with  a minimal  investme^^in 

By  pre-processing  the  SAR  data  to  be  compatible  with  hardware  systems, 

changes  in  approach  can  be  implemented  iS  th^  P’^®'?’‘^sting  systems,  most 

through  major  modifications  in  the  processtIl|  sjitem 

permits  more  deLiled^analyses^to  be^performed  o^  1^^*  digital  processing  scheme 
signature  analysis  and  recoenitiL  %Sti5  ^ on  imagery.  Such  processes  as 
channel  compositing  have  befn^Lccessfullv^n»^f slicing  and  multi- 
can be  handled  in  very  Lcrthl  samrS  ^"‘li'^ating  that  this  data 

exist  in  the  analysis  of  these\maeL''*^h^  however, 

system  from  a standard  MSS  system  fuch  that  1 geometry  differs  in  a radar 

of  an  image  or  the  aoDlicatinn  nf  a that  care  must  be  taken  in  the  analysis 
can  be  generated.  ^ processing  algorithm  or  erroneous  results 
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ABSTRACT 

Remote  sensing  of  various  coastal  phenomena 
on  the  Kujukuri  Coast  and  Kashimanada  Coast  has 
been  done  by  use  of  aircraft  for  the  purpose  of 
investigating  the  characteristics  of  shore  reefs 
and  floating  sand,  and  the  depth  of  the  sea.  A 
multi spectral  camera  and  a video  ITV  camera  have 
been  used  as  sensor.  The  first  flight  was  over 
the  Kashimanada  and  Kujukuri  Coasts  and  the  next 
flight  was  over  the  Katsuura  Bay.  As  the  results 
the  shape  of  shore  reefs,  the  state  of  floating 
sand,  the  depth  of  the  sea  etc.  are  represented 
by  equidensitographs  using  the  texture.  The 
interval  of  density  slices  is  JD=0.05.  The 
digital  graphs  are  analyzed  by  a hybrid  system 
which  consists  of  NOVA  02/30,  a disk,  MT  (800 
bpi , 9 tracks)  etc.  Correlations  between  the 
textures  represented  by  equidensitographs,  digital 
graphs  and  analog  display  are  estimated. 


1 . INTRODUCTION 

Coastal  phenomena  have  many  different  characteristics  from  coast  to  coast* 

In  this  report  the  image  processing  of  aerial  photographs  has  been  done  to  know 
various  coastal  phenomena  such  as  characteristics  of  shore  reefs  and  floating 
sand,  the  depth  of  the  sea,  and  the  status  of  sea  pollution  along  the  Kukukuri 
and  Kashimanada  Coasts  and  the  Katsuura  Bay  on  the  Pacific  coast  of  the  Japan 
Islands. 

The  photographs  were  taken  from  the  aircraft  loaded  with  a multispectral 
scanner  (MSS)  and  a multispectral  camera  (MSC).  The  location  of  the  surveyed 
area  is  shown  in  Fig.  1 which  was  obtained  from  LANDSAT  I.  This  area  has  been 
selected  because  it  is  characterized  by  peculiar  beaches,  floating  sand  and 
shore  reefs,  and  marked  pollution  of  rivers  and  also  because  the  sea  truth  and 
ground  truth  are  quite  feasible  there.  Photographic  processing  and  analog  and 
digital  processings  after  the  information  is  collected  by  sensors  and  recorded 
in  photographs  with  different  bands  are  the  purpose  of  this  study. 

As  a Daedalus's  MSS  is  used,  the  analog  record  is  converted  to  photographic 
image  by  Honey's  CRT  and  printer  and  then  the  photographic  processing  is  given. 
Four  Hasselblad's  cameras  are  used  as  MSC  to  obtain  different  4-band  information. 
Spot  measurement  is  made  by  a Bronica's  beam  split  camera  * designed  by  us. 
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, f infrared  and  three  bands  of  are^giveJ^thf  ph^ 

Information  of  i"^^^^®^hese  4-band  photographic  images 
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J,  photogr.pMc  thS"lay'rSro^atograph 
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(133  Uneo7lnal>>  “P'  ' processing  by  “ee  of  a 

image  processing  by  designed  by  a.  and 


imigi  processing  by  us.  o.  <, 

il  5‘li‘lMS5'.r3l?fairsS.‘S!:  "SS ,”Si^80oTp!  ■ 
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f^Tv).  010-10  syste.  is  sbo«,  r-e-  PPproduced  by  the  pbobo- 

„,sr  nndlng  tb.  correlation  bs«ee„  JS?  “by  .be  l.age  Pro/.e^f-,.,. 

frS2e%inr.ieTel;feraS'lurfber  by  ground  trutb.  .base 
nated  and  estimated. 


2 . experiment 

, Vv  +hp  Na^ion&l 

our  study  is  a part  of  the  ^°chnolo^^Agency  and^deal^ 
of  Resources  of  includes  the  remote  ®?"®^^(j%he  image  analysis  of 

'!!!t!^frec!fic■study  of  the  Ministry  of  EducaU  of  the  world  kno^ 


Our  study  IS  a pat u - Technology  Agency  am  ucax^r  Kasumigaura 

of  Resources  of  the  Scienc  ^he  remote  ®?"®^^(j%he  image  analysis  of 

image  processing,  it  Ministry  of  Education  .,  +he  world  known 

Sotolraprif  ?mages^^^  ^^rbrld^ebufldiV^tween  the  main  land  and 

?I;l!;lL‘;y'r.‘Slnir.ry  Id  construction  cl  lapan^ 

4.«i  nViPnomena  are  . 


whirls  in  ”T ;V^v  of  Construction  oi 

Shikoku  by  the  Ministry  estimated  by  the  processi.ig 

...^v«A  a 


2.1.  aerial  SENSING  this  study  were  cameras,  and  a be^ 

The  ^ airplanes  usedbiridthiSe^  Jth  four  Hasselblad  ®/p^™t^rpreviously  ^ 

Daedalus’s  us  and  made  by  Bronica  • of  remote  sensing 

split  camera  designed  °®r/the  fSld-averaging  spectrograph 

on  a handy  fi®i°  the  combined  use  of  the  of  the  camera  is 

application  and  proposed  t Though  the  t*®®™  films,  in  practice 

camera  and  the  ^®®™  ®^o  the  difference  of  ®f”®^^^a^20<°reflectance . reach  a film 
changeable  the  beam  splitter,  . On  the  other  hand, 

the  rays  reflected  by  ge  be  ^ different  film  (Kodak 

(Kodak  ®®^°7®°^®^yriranl^itted  the  ®Pli«®"  (WraUen  88A) . while  the  ex- 

the  rays  which  bf*®  2424)  through  a filter  vwra., 

infrared  ®®»^®eraphic  film^^^  filters, 
posure  is  compensated  by  w. 

r* «4-  uiae  oarrico 


posure  IS  rried 

2.2.  BBMOTE  SENSEB  Kujuburl  Coes.  |f„„''”“rS:twe°*pIfnr.°l"«.' 

The  aerial  sensing  o ^ height  '*®s  2500  m anu  sensor. 

out  on  April  f®*  using  a Daedalus’s  MSS  lioka  Coast  in  Chiba  was 

sensing  area  ®®^®ton  |r^  the  sandy  b®®f  Jesultfare  shown  in  Fig.  3. 

The  spectral  spectral  meter  and  the  r waterside  are 

ITTili  «e“K.ctrsl  Ble..Kr°pUb°b'~«<>'«'  “'p?S  StsfrlbS  ”0?^  “f^'enc. 

%rre  !‘*;Se”'pb^«g-prr.LS^erby  mss  l,  sncb 

white  boards  submerged  in  the  sea. 

QT*? 
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in  Fig.  4.  Though  the  conditions  of  the  sea  are  classified  by  false  colors,  only 
reproduction  pattern  is  shown  in  Fig.  5. 

The  spot  photograph  on  an  aerocolor  negative  film  of  the  mouth  of  ;Jhe  Tone 
River  near^the  Kashimanada  Coast  presents  Je! 

of  the  sensitive  layers  of  the  film  in  the  bands  at  450,  550.  and  650  ^ 

produced  completely  by  the  TLC  method.  These  three  layers  are  separable  in  the 

imace  on  a B/W  film  by  this  method.  One  of  the  merits  of  the  TLC  is  that  it 
exerts  a good  resolving  power  of  the  image  not  only  because  the  tricolor  separa- 
tion filter  can  be  used,  but  also  because  the  inter] ayer  color  mixture  is  avoided 
effectively.  From  analysis  of  the  contents  of  the  colored  dyes  of  color  negative 
its  absorbLce  is  recognized  and  the  separation  exposure  is  determined.  As  the 
textures  obtained  by  this  method  are  separated  into  three  prints  and  if  one  band 
l'  ‘t  would  M . or,  offoctlv. 

orocessine.  Then  a beam  split  multiband  camera  is  made  as  trial,  pe  status  oi 
pollution^of  rivers  are  well  recognized  from  the  textures  obtained  by  this  camera. 

The  aerial  sensing  of  the  Katsuura  Bay  in  the  southwpt  of  the  Kujukpi 
Coast  was  done  from  the  height  of  1500  m by  use  of  ^ 

Hasselblad's  cameras  and  an  ITV  camera  with  60^  overlap  on 

At  the  same  time  the  sea  truth  was  done  and  the  reference  white  boards  in  pe 
sLwL  recorded  on  the  film.  From  the  textures  obtained  the  various  coastal 
phenomena  such  as  the  characteristics  of  shop  rpfs 

lyzed  by  the  density  slice  method  and  digital  method.  T^?  results  obtained  by 
the  density  slice  method  and  digital  method  are  shown  in  Figs.  6(a)  and  6(b). 
respectively. 


3.  IMAGE  PROCESSING  AND  ITS  ANALYSIS 

There  are  a density  slice  method  and  a contact  screen  method  for  pe  Phop* 
traohic  iLS  processin^^.  In  the  image  processing  of  plor  nims  a popgppio 
imare  is  separated  into  different  B/W  images  by  respective  coprp  The  pnsip 

Life  method  is  shown  in  Fig.  7.  hn  equidensipgraph  J^t^e'^chfraS! 

exposure  so  that  the  required  density  range  exists  in  the  valpy  p the  p^pc 
teriltio  curverof  a high  contrast  film.  As  the  accuracy  of  the  pterval  of 
aoSdenlito-slices  is  D=0.05.  this  method  is  of  great  utility.  As  the  visual 
interpretation  of  the  information  is  easy  by  comparing  the  coppmed  measuppnt 
point^and  the  equidensitograph  in  this  method,  it  will  be  upful  ^ 

Dicture  As  this  method  is  useful  for  the  enhancement  of  the  pprpuction  ppnt, 

a^device  with  which  a slice  matrix  will  be  las 

Tn  the  processing  using  a contact  screen  a contact  screen  of  133  imes/incn  ps 
uLd  Th^  metf^d  is  regarded  as  a digital  method  by  photographp  ppp.  In  the 
"procUsTSs!  rl,ulf,d  d.n.lty  pofnt  Is  reproducsd  b,  uss  ot  scrssb. 

Of  different  density  levels,  the  percentage  of  dots  in  the  screen  is  seiecxeo 
reproduction. 

In  the  analog  processing,  the  reproduction  of  tp 
of  nhases  the  switching  of  channels  etc,  are  possible  in  a sprt  time.  Tpp 
fore  it  is  convenient  for  quick  reproduction  of  images,  but  the  imap  aocupp 
[^?his  methoHs  lower  than  that  in  the  photographic  image 

As  the  output  of  the  analog  signals  is  much  pss  s^pl®-  ^®  ^thll  hiJ^ 

is  considered  as  an  instantaneous  enhancement  of  the  im&ge.  On  the  otpr 
the  image  from  a multi  viewer  having  a function  of  multippxing  of  ^p®® 
beams  is  stable  because  the  texture  is  the  photographically  . 

However  as  the  conversion  of  phases  and  the  equidensitograph  of  the  imap  depnd 
"rttriboLf^pSJrpro^Llbe.  ,™loe  ImbC  rbpr,»bnt.d  by  .n  optlcbl  .y.tb. 
is  considered  as  a part  of  the  photographic  processing. 

In  the  hybrid  system  shown  in  Fig.  2.  the  RDOS’s  software  and  ^J)®  BlCOM’s 
software  are  used  for  the  digital  processing  and  analog  prop'esip.  ^®®P®®^*2 
?he  mlrit  of  this  system  is  In  off  line  tranter  to  system  with  Varian  72 

and  a film  recorder  Dycomed  47  which  may  be  localized  p a <HTfer«nt  p^e.  pe 
lystim  of  vLian  72  is  connected  with  our  system  by  off  line  by  use  of  MT  (800 

bpi,  9 tracks). 

Thus  our  system  embraces  every  technical  field  of  a photographic  processing. 
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an  analog  processing,  a digital  processing  and  a separation  method  and  so  it  is 
ready  to  construct  many  softwares  for  the  pattern  recognition  based  on  the  ground 
truth,  keeping  the  correlations  between  these  fields. 


4,  STUDIES  IN  PROGRESS 

A remote  sensing  simulator  has  been  designed  for  the  measurement  of  soil 
moisture  and  scenic  factors.  The  simulator  is  a device  with  a polarimeter  as 
shown  in  Fig.  8.  The  soil  moisture  of  the  Shirako  Beach  on  the  Kuiukuri  Coast 
measured  by  this  simulator  is  shown  in  Fig.  9. 

In  the  measurement  of  pollution  by  the  sand  brought  for  construction  on  the 
coast,  the  relation  between  the  sea  depth  and  suspending  substances  should  be 
made  clear.  Therefore  the  above  simulator  will  be  used  for  this  purpose  also. 
Breaking  waves  may  be  a noise  in  aerial  sensing  of  coastal  pollution,  and  so  the 
removal  of  such  a noise  from  remote  sensing  images  including  the  information  of 
reflection  on  the  sea  surface  is  a problem  to  be  solved  in  the  future.  The 
computer  calculation  of  the  information  obtained  by  a field-averaging  spectro- 
graph camera  and  the  figure  reproduction  of  spectral  reflection  and  transmission 
by  a hybrid  calculation  are  also  future  problems. 


5.  CONCLUSION 

A great  deal  of  experimental  data  must  be  accumulated  to  carry  out  fundamental 
studies  and  to  put  theories  into  practice.  By  these  photographic  and  digital 
processings  of  image  information  obtained  mainly  from  coastal  area,  the  area  of 
floating  sand  and  sea  pollution  has  been  confirmed  and  the  location  of  shore  reefs 
has  been  recognized.  In  the  remote  sensing  measurement  all  information  is  made 
clearer  by  the  comparison  with  reference  objects. 

In  the  photographic  processing  of  various  coastal  phenomena,  it  is  consider- 
ed to  be  extremely  significant  to  separate  an  image  into  three  bands  by  use  of 
color  films. 
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FIG.  1.  LOCATION  OF  THE  SURVEYED  AREA 


FIG.  2.  HYBRID  SYSTEM  (CIC-IO)  FOR  IMAGE  PROCESSING 
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FIG.  3.  CHARACTERISTICS  OF  SPECTRAL  REFLECTANCE.  Sand  and  sea  water  on  the 
Iloka  Coast. 


FIG.  4.  PHOTOGRAPH  BY  AN  MSS.  Kujukuri  Coast 


FIG.  5.  REPRODUCED  EQUIDENSITOGRAPH 
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FIG.  6.  REPRODUCED  EQUIDENSITOGRAPH.  Katsuura  Bay 
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FIG.  7.  REPRODUCTION  CURVES  OF 
EQUIDENSITIES. 


FIG.  9.  SOIL  MOISTURE.  Ssjid  on  the 
Shirako  Beach  on  the 
Kujukuri  Coast. 
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FIG.  8.  REMOTE  SENSING  SIMULATOR. 
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LANDSAT  DETECTION  OF  HYDROTHERMAL  ALTERATION 
IN  THE  NOGAL  CANYON  CAULDRON.  NEW  MEXICO 

Robert  K.  Vincent 

GeoSpectra  Corporation 
Ann  Arbor,  Michigan 

George  Rouse 

Earth  Sciences,  Inc. 

Golden,  Colorado 

SUMMARY 


In  1974  a circular-shaped  iron  oxide  anomaly  was  observed  in  an  R54  ratio 
image  of  a LANDSAT  frame  centered  near  Truth  or  Consequences,  New  Mexico. 
Because  the  frame  was  processed  for  uranium  exploration  in  the  Rio  Grande 
Valley  this  anomaly,  located  in  Tertiary-aged  volcanics,  was  not  immediately 
field  checked.  A recent  (1976)  publication  of  Cenozoic  volcanics  in  South- 
western New  Mexico  containing  a reconnaissance  geologic  map  of  the  Nogal  Canyon 
Cauldron  rekindled  interest  in  the  observed  ratio  image  feature,  which  covers 
approximately  2^  of  the  area  in  the  cauldron.  The  cauldron  itself  is  roughly 
circular  in  shape,  with  an  approximate  l6km  diamet  r.  Field  examination  of  an 
R54  anomaly  just  southwest  of  the  circular  anomaly,  but  still  inside  the 
cauldron,  has  shown  that  it  coincides  with  a zone  of  hydrothermal  alteration  on 
the  northern  edge  of  the  Nogal  Canyon  Cauldron.  The  altered  area  contains-  clay 
minerals  ranging  in  colors  from  white  to  vivid  red,  the  latter  presumably 
resulting  from  hematite  staining.  In  situ  gas  measurements  showed  no  evidence 
of  active  hydrogen  sulfide  seepage.  Preliminary  geochemical  analyses  of  grab 
samples  have  detected  no  significant  amounts  of  mineralization.  Whereas  this 
area  does  not  at  present  appear  to  be  economically  important,  it  provides  an 
example  of  how  LANDSAT  can  be  utilized  in  reconnaissance  mapping  for  cauldrons 
calderas,  and  other  volcanic  features  which  display  hydrothermal  alteration. 
Extraction  of  four-channel  LANDSAT  spectral  signatures  from  the  anomalous 
region  and  from  ferric  oxide-rich  sediments  in  the  Rio  Grande  Valley  showed 
that  on  a purely  spectral  basis,  secondary  iron  oxides  of  the  altered  area 
could  not  be  uniquely  discriminated  from  unimportant  primary  ferric  oxides  of 
some  of  the  sediments,  except  for  bright  altered  areas  on  sunward  slopes,  where 
topographic  differences  made  the  single  channel  values  higher  for  the  altered 
areas  than  the  more  flat-lying  sediments,  however,  the  circular  shape  of  the 
anomaly  and  its  location  in  Cenozoic  volcanics,  in  addition  to  the  localized 
occurrence  of  ferric  oxides,  makes  this  feature  unique  in  the  whole  LANDSAT 
frame.  It  is  important  that  spectral  and  spatial  information  be  used  together 
for  mineral  exploration  with  satellite  data.  Geometrically  accurate  trans- 
parencies of  whole-frame  ratio  images  and  automatic  recognition  maps  overlaid 
onto  geologic  maps  of  the  same  scale  are  well  suited  to  this  task. 

INTRODUCTION 


i*'  4974,  an  R54  ratio  image  (channel  5 divided  by  channel  4,  after  correc- 
xion  for  atmospheric  path  radiance)  of  a LANDSAT  frame  centered  near  Truth  or 
Consequences,  New  Mexico  was  produced  by  Geospectra  Corporation  for  uranium 
exploration  ^ the  Rio  Grande  Valley.  During  that  time,  a circular  area  in 
young  volcanics,  unimportant  for  uranium  but  possibly  important  for  copper,  was 
discovered  which  had  high  R54  ratio  values,  indicating  the  presence  of  exposed 
ferric  oxides.  The  shape  and  location  of  the  R54  anomaly  led  to  the  hypothesis 
that  this  R54  anomaly  could  be  an  expression  of  hydrothermal  alteration  zones 
associated  with  a collapsed  volcanic  feature.  By  mutual  agreement  between 
Geospectra  and  Earth  Sciences,  Inc.,  G,  Rouse  field  checked  the  area  in  the 
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summer  of  1976.  The  purposes  of  this  paper  are  to  report  tne  results  of  that 
field  trip  and  subsequent  LANDSAT  data  analysis  of  the  anomalous  area  and  to 
use  this  example  to  stress  the  importance  of  combining  spatial  and  existing 
geologic  information  with  spectral  information  in  the  application  of  satellite 
data  to  mineral  exploration. 

GEOLOGICAL  SETTING 

Figure  1 shows  a black  and  white  version  of  a portion  of  the  New  Mexico 
state  geologic  map.  The  area  outlined  in  black  corresponds  to  the  approximate 
area  covered  by  the  R54  ratio  image  in  Figure  2,  which  includes  the  Northwest 
quarter  of  the  Truth  or  Consequences,  New  Mexico  frame  (ID  1334-17160), 
collected  by  LANDSAT  I on  June  23,  1973*  Figures  1 and  2 are  approximately 
the  same  scale.  The  small  circular  anomaly  shown  in  Fi^re  2,  about  2.4km  in 
diameter,  occurs  in  Tertiary-aged  volcanic  rocks  about  65km  south  of  Magdalena, 
New  Mexico,  in  the  San  Mateo  Mountains.  This  region  is  part  of  the  Mogollon- 
Datil  volcanic  complex. 

In  a recent  publication  by  W.  E.  Elston,  et  al.  (1976),  which  came  to  our 
attention  after  interpretation  of  the  anomaly  in  Figure  2,  the  Nogal  Canyon 
Cauldron  is  described  in  reconnaissance  maps  as  a roughly  circular  feature, 
approximately  l6km  in  diameter,  containing  high-silica  alkali  rhyolite  ash- flow 
tuff  sheets  and  flow-banded  rhyolites.  They  suggest  that  the  high-silica 
alkali  rhyolite  arose  from  partial  melting  of  the  upper  mantle  and  lower  crust 
as  a result  of  rising  isotherms  produced  by  the  emplacement  of  basaltic 
andesite.  According  to  their  interpreation,  the  Mogollon  Plateau  is  underlain 
by  a granitic  composite  pluton  some  125km  in  diameter.  The  Nogal  Canyon 
Cauldron  lies  on  the  eastern  extremity  of  this  pluton. 

Figure  3,  taken  from  Elston,  et  al.  (1976),  shows  the  Nogal  Canyon 
Cauldron  as  feature  la.  The  2.4km  diameter  circular  R54  anomaly  in  Figure  2 
is  shown  as  a small  circle  just  inside  the  northern  rim  of  feature  la  in 
Figure  3.  Allowing  for  the  North  arrow  being  left  of  vertical  in  Figure  2 and 
vertical  in  Figure  3,  it  is  also  possible  to  see  what  may  be  an  outline  of  the 
Nogal  Canyon  Cauldron  in  the  R54  ratio  image  of  Figure  2,  where  the  region 
inside  the  l6km  diameter  cauldron  displays  a slightly  lighter  tone  than  the 
immediately  exterior  regions. 

FIELD  DATA  COLUCTION  AND  LARGE-SCALE  SPECTRAL  ANALYSIS 

In  the  summer  of  1976,  G.  Rouse  made  a field  trip  to  the  Nogal  Canyon 
Cauldron  area.  Poor  communications  between  authors  led  him  to  visit  a smaller 
R54  anomaly  southwest  of  the  l6km  diameter  circular  anomaly,  but  still  within 
the  cauldron.  Figure  4 shows  a large  scale  topographic  map  of  the  area  shown 
in  Figure  2 as  a small  rectangle  around  the  circular  K54  anomaly.  The 
diagonally  hatchered  area  shows  the  regions  that  were  observed  to  be  hydro- 
thermally  altered.  No  field  check  was  made  in  the  circular  anomaly  itself, 
which  would  have  required  off- road  transportation.  The  small  square  in 
Figure  4 encloses  an  area  where  a color  ground-level  photograph  was  taken 
(shown  at  the  oral  presentation  of  this  paper,  but  excluded  here).  The  o's 
denote  where  rock  chip  samples  were  collected  for  geochemical  analysis,  and  the 
x's  show  the  sample  sites  where  sulfur  gas  readings  were  taken.  The  sulfur  gas 
geochemical  survey  was  conducted  over  the  altered  zone  because  previous  work  by 
Rouse  2ind  Stevens  (1971)  has  shown  that  sulfur  gas  anomalies  cein  be  detected 
over  sulfide  deposits.  More  recent  test  work  (unpublished)  has  shown  that 
sulfur  gas  anomalies  can  be  detected  over  some  geothermal  areas,  also.  Both 
sulfide  mineralization  and  geothermal  activity  could  reasonably  be  expected  to 
be  associated  with  a Tertiary  cauldron  located  on  the  edge  of  the  Rio  Grande 
Rift.  The  gas  survey  traversed  from  unaltered  volcanics  on  the  southwest, 
across  the  southern  edge  of  the  altered  zone,  and  over  unaltered  volcanics  to 
the  northwest  and  northeast. 


Figure  5 shows  a LANDSAT  channel  7 graymap  of  the  same  area  and  scale  as 
shown  in  Figure  4.  Brighter  areas  in  the  channel  7 graymap  are  either  sparsely 
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vegetated  bright  soils  and  rocks  or  dense  green  vegetation  other  than  conifers, 
which  usually  are  slightly  darker  than  average  in  LANDSAT  channel  7 relative  to 
other  terrain  features,  unless  other  green  vegetative  types  underlie  inter- 
mittently-spaced conifers. 

Figure  6 shows  an  R54  ratio  graymap  of  the  same  area  and  scale  as 
Figures  4 and  5-  The  brightest  areas  in  R54  should  coincide  with  ferric  oxide 
exposures.  The  redder  the  soil  or  rock,  the  higher  is  its  R54  ratio,  although 
green  vegetation  located  within  the  same  LANDSAT  pixel  (79  x 79  meters)  as 
ferric  oxides  tends  to  reduce  the  R54  ratio  for  that  pixel.  In  line  745.  the 
pixel  between  columns  871  and  872  (this  interstitial  pixel  is  repeated  once  to 
preserve  geometric  accuracy  with  an  IBM  printer)  and  the  pixel  in  column  872 
corresponds  to  orange-red  hydrothermally  altered  rhyolite  in  the  color  photo 
mentioned  above.  The  2.4km  diameter  circular  anomaly  shown  in  Figure  2 is 
shown  in  Figure  6 as  the  large  bright  area  just  north  of  center  in  the  R54 
graymap.  The  dark  Southwest-trending  linear  feature  cutting  diagonally  through 
the  circular  anomaly  corresponds  to  a Northwest-facing  slope  (seen  in  Figure, 

4) , which  is  probably  more  densely  vegetated  and  partially  shadowed  at  the  time 
of  the  LANDSAT  overpass. 

Three  high  R54  slices  were  made  to  produce  the  one-ratio  automatic 
recognition  map  shown  in  Figure  7.  Unlike  Figure  6,  the  darkest  symbol  was 
used  for  the  highest  ratio  level  in  Figure  7.  If  vegetative  cover  is  uniform, 
the  highest  levels  of  R54  correspond  to  the  reddest  soi’  and  rock  exposures. 
Hence,  darker  areas  in  Figure  7 should  denote  redder  ro«,Ks  and  soils.  The 
three  levels  of  R54  mapped  in  Figure  7 are  a subset  within  the  highest  R54 
level  (mapped  as  blanks)  in  Figure  6. 

RESULTS  AND  CONCLUSIONS 

The  sulfur  gas  survey  indicated  that  no  anomalous  sulfur  gas  was 
associated  with  the  altered  zone  shown  in  the  hatchered  area  of  Figure  4.  Ap- 
proximately 5 to  8 parts  per  billion  sulfur  (as  SO2)  were  found  along  the 
entire  traverse,  both  in  unaltered  and  altered  terrain.  Although  only  a small 
part  of  the  cauldron  was  surveyed,  it  seems  likely  that  the  hydrothermal 
solutions  which  altered  the  volcanics  in  this  portion  of  the  Nogal  Canyon 
Cauldron  were  not  rich  in  sulfur  gases. 

The  hydrothermal  solutions  did,  however,  extensively  alter  a large  volume 
of  Tertiary  volcanic  rock  with  end  products  of  quartz,  clay  minerals,  and  iron 
oxides.  Bleached  zones  and  hematite  stained  zones  were  observed  in  the 
hatchered  area  of  Figure  4,  as  evidenced  by  the  color  photo  (shown  only  in  the 
oral  presentation).  It  is  likely  that  much  of  the  2.4km  diameter  circular 
anomaly,  particularly  those  portions  recognized  in  Figure  7,  are  also  hydro- 
thermally altered. 

An  analysis  was  made  to  determine  whether  the  hydrothermally  altered 
areas  in  Figures  4 and  7 could  be  spectrally  separated  from  ferruginous  bolson 
deposits  in  the  eastern  half  of  the  Rio  Grande  Valley,  but  within  the  same 
LANDSAT  frame.  All  four  single  channel  and  all  six  ratio  values  were 
extracted  for  approximately  20  pixels  over  each  area.  Whereas  the  six  ratios 
could  not  distinguish  between  most  of  the  pixels  from  the  bolson  deposit  area 
and  pixels  from  the  hydrothermally  altered  area,  a narrow  range  of  values  for 
single  channels  4 and  6 were  able  to  discriminate  between  the  bolson  area  and 
approximately  half  of  the  pixels  in  the  hydrothermally  altered  area.  However, 
the  alteration  area  pixels  that  could  be  spectrally  discriminated  from  the 
bolson  deposits  were  all  located  on  sunward- facing  slopes.  Therefore,  the 
greater  brightness  of  these  alteration  zones,  compared  with  the  bolson 
deposits , was  likely  caused  by  topographic  rather  than  chemical  and  textural 
differences  between  the  two  areas.  Spectral  ratios  tend  to  suppress  topo- 
graphic differences,  which  help  explain  why  the  six  ratios  could  not  separate 
the  two  areas. 


531 


f 

L 


i 


1 


i 

A 


L 


1 


T 

S 

i 


From  this,  it  can  be  concluded  that  as  far  as  the  LANDSAT  multispectral 
scanner  is  concerned,  the  hydrothermal  alteration  zones  and  bolson  deposits 
are  spectrally  similar,  exclTiding  topographic  differences.  This  implies 
either  that  the  two  materials  are  chemically  and  texturally  similar  or  their 
differences  are  not  detectable  by  LANDSAT.  If  the  bolson  deposits,  which 
occur  in  a relatively  high  heat  flow  area  along  the  Rio  Grande  rift  zone,  were 
reddened  by  hydrothermal  activity  or  H2S  diffusion  (for  example,  from  under- 
lying hot  brines)  along  zones  of  weakness  or  unconformities,  then  the  two 
areas  could  be  truly  similar,  at  least  in  ferric  oxide  content  and  degree  of 
hydration. 

Geochemical  analysis  of  the  rock  chips  collected  at  the  locations  shown 
in  Figure  4 were  performed.  No  sulfur  was  found  in  the  samples  and  there  were 
no  anomalous  values  for  copper,  lead,  zinc,  silver,  tin,  tungsten,  or  titanium, 
as  determined  by  emission  spectroscopy. 

This  paper  demonstrates  that  properly  inteirpreted  ratio  images  produced 
from  LANDSAT  data  can  lead  geologists  to  hydrothermally  altered  zones  in 
volcanic  features  which  are  considered  to  be  favorable  for  metal  deposits, 
particularly  copper  porphyries.  Although  LANDSAT  cannot  spectrally  discrimi- 
nate such  areas  from  apparently  less  important  oxidizes  areas  in  the  same 
frame,  the  spatial  configuration  and  physical  location  of  the  iron  oxide 
anomaly  can  be  used  to  reduce  false  alarms  through  sound  geologic  inferrence. 
The  circular  shape  of  the  anomaly  shown  in  Figure  2 and  its  location  in 
Cenozoic  volcanics,  in  addition  to  the  localized  occurrence  of  iron  oxides, 
makes  this  feature  unique  in  the  entire  LANDSAT  frame.  It  is  important  that 
spectral  and  spatial  information  be  used  together  for  mineral  exploration  with 
satellite  data.  Geometrically  accurate  transparencies  of  whole-frame  ratio 
images  and  automatic  recognition  maps  overlaid  onto  geologic  maps  of  the  same 
scale  are  well  suited  to  this  task. 

The  fact  that  no  economic  mineralization  was  found  in  the  area  studies 
should  not  detract  from  the  utility  of  the  exploration  method  applied  here. 

Had  economic  mineralization  been  found,  this  paper  would  not  have  been 
published. 
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FIGURE  CAPTIONS 


Figure  1 . 


Figure  2 


Figure  3 


Figure  4 


Figure  5 


Figure  6 


Figure  7 


State  Geologic  Map,  Southwestern  New  Mexico.  The  area  outlined  in 
black  is  the  region  covered  by  the  quarter- frame  ratio  image  in 
Figure  2.  The  Tdl  symbol  refers  to  Tertiary-aged  voloanics  of  the 
Mogollon-L^oil  Province. 

LANDSAT  R54  Ratio  Image.  This  quarter- frame  area  is  the  same  scale 
as  Figure  1,  but  the  North  arrow  is  skewed.  Ferric  oxides  appear 
brighter  than  average.  Note  the  2.4km-diameter  bright  circular 
anomaly  (within  the  rectangle)  on  the  northern  rim  of  a more  subtle 
l6km  diameter  circular  anomaly  in  the  right-center  portion  of  this 
image.  The  rectangle  shows  the  area  displayed  in  Figures  4,  5,  6, 
and  7 . 

. Map  Showing  Nogal  Canyon  Cauldron  (After  Elston,  et  al.  1976).  The 
numbered  areas  show  the  known  distribution  of  high-silica  alkali 
rhyolite  ash- flow  tuff  sheets.  Feature  la  is  the  Nogal  Canyon 
Cauldron,  and  the  small  circle  on  its  northern  rim  is  the  2.4km- 
diameter  circular  anomaly  shown  in  Figure  2.  Note  that  here  North 
is  toward  the  top  of  the  figure. 

. Large-Scale  Topographic  Map  of  the  Nogal  Canyon  Area.  The 
hatchered  area  was  observed  in  the  field  to  be  hydrothermally 
altered.  Question  marks  signify  regions  that  are  likely  altered, 
but  were  just  beyond  sight  from  the  observed  area.  The  small 
square  shows  the  area  covered  by  a ground-level  color  photo  (shown 
only  at  the  oral  presentation),  x's  denote  sulfur  gas  sample 
sites,  2ind  o's  denote  rock  chip  sample  sites. 

. LANDSAT  Channel  7 Graymap  of  the  Nogal  Canyon  Area.  Bright  areas 
in  this  graymap,  which  covers  the  same  area  at  the  same  scale  as 
Figure  4,  are  bright  soils  and  rocks  and  dense,  green  vegetation 
other  than  conifers.  The  small  square  shows  the  area  covered  by  a 
ground-level  color  photo. 

. LANDSAT  R54  Graymap  of  the  Nogal  Canyon  Area.  Bright  areas  in  this 
graymap,  which  covers  the  same  area  at  the  same  scale  as  Figure  4, 
are  reddish  ferric  oxides.  The  small  square  shows  the  area  covered 
by  the  ground-level  color  photo.  The  2.4km  diameter  circular 
anomaly  is  the  large  bright  feature  just  above  the  center  of  this 
graymap . 

. LANDSAT  R54  Density  Slice  of  the  Nogal  Canyon  Area.  In  this  one- 
ratio  automatic  recognition  map,  which  covers  the  same  area  at  the 
same  scale  as  Figure  4,  the  pound  sign  denotes  1.76*iR54«2.06,  the 
star  denotes  1.685R54S1.75.  and  the  period  denotes  1.64*R54<1.67. 
Though  all  three  symbols  indicate  ferric  oxide  exposures,  redder 
ferric  oxides  should  have  higher  R54  ratio  values.  The  small 
square  shows  the  area  covered  by  the  ground-level  color  photo. 
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AUTOMATED  IMAGE  PROCESSING  OF  LANDSAT  II  DIGITAL  DATA 
FOR  WATERSHED  RUNOFF  PREDICTION 
Robert  R.  Sasso,  John  R.  Jensen,  and  John  E.  Estes 


Geography  Remote  Sensing  Unit 
University  of  California 
Santa  Barbara,  California 


ABSTRACT 

The  U.S.  Soil  Conservation  Service  (SCS) 
model  for  watershed  runoff  prediction  uses  soil 
and  land  cover  information  as  its  major  drivers. 
Kern  County  Water  Agency  is  implementing  the  SCS 
model  to  predict  runoff  for  10,400  km2  of  moun- 
tainous watershed  in  Kern  County,  California. 

The  Remote  Sensing  Unit,  University  of  Calif- 
ornia, Santa  Barbara  was  commissioned  by  KCWA 
to  conduct  a 230  km^  feasibility  study  in  the 
Lake  Isabella,  California  region  to  evaluate 
remote  sensing  methodologies  which  could  be 
ultimately  extrapolated  to  the  entire  10,400 
km‘  Kern  County  watershed.  Digital  results 
indicate  that  digital  image  processing  of 
Landsat  II  data  will  provide  usable  land  cover 
required  by  KCWA  for  input  to  the  SCS  runoff 
model . 


INTRODUCTION 

Preliminary  remote  sensing  research  has  been  conducted  to  demonstrate  the 
feasibility  of  acquiring  vegetation  cover  information  for  input  to  watershed 
runoff  prediction  procedures  in  Kern  County,  California  (Figure  1).  This  work 
has  been  conducted  in  conjunction  with  the  Kern  County  Water  Agency  (KCWA) 
which  is  charged  wit'  specific  flood  control  responsibilities.  Within  their 
mandate,  KCWA  must  develop  storm  runoff  predictions  for  all  watersheds  in  Kern 
County  in  order  to: 

delineate  flood  plain  boundaries  which  effect  building  standards  for 
commercial  and  residential  structures; 

• establish  building  standards  for  specialized  flood  control  facilities 
such  as  dams,  debris  basins,  spreading  ponds,  etc.,  and 

* provide  base-line  data  for  flood  insurance. 

Remote  Sensing  Unit  personnel  have  been  working  with  KCWA  to  demonstrate  the 
feasibility  of  employing  both  Landsat  digital  data  as  well  as  aerial  photography 
to  generate  land  cover  (primarily  vegetation)  information  for  input  into  the 
Agency's  watershed  runoff  prediction  procedures. 

KCWA  currently  employs  the  runoff  prediction  procedure  developed  by  the 
United  States  Department  of  Agriculture's  Soil  Conservation  Service  (SCS).  In 
the  SCS  procedure,  runoff  Curve  Numbers  (CN)  are  based  upon  the  soil-<?oi>«r  com- 
plex which  are  the  major  drivers  of  the  runoff  equation.  Appendix  A contains 
an  example  of  the  type  and  level  of  vegetation  information  required  for  the 
Southern  California  coastal  plain  and  mountain  regions  to  successfully  operate 
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the  model.  The  SCS  runoff  equation  is: 

Q . (P  • 0-2S)^ 

(P  + 0.8S) 

Where:  Q » runoff  in  inches 

P • rainfall  per  storm 

S ■ water  storage  factor  equal  to  (lOOO/CN-10) 

CN  • a function  of  soil  type,  soil  moisture,  vegetation  cover  and 
density! 

At  the  present  time,  KCWA  uses  Table  1 data  in  order  to  determine  field  coef- 
ficients for  input  to  the  SCS  runoff  prediction  equation.  The  current  method 
of  obtaining  items  2,  3,  and  4 in  Table  1 of  the  soil-cover  complex  is  by  con- 
ventional field  survey  techniques.  This  method  of  data  acquisition  is  both 
time  consuming  and  expensive  as  KCWA  is  mandated  to  provide  watershed  runoff 
predictions  for  over  10,400  km2  of  mountainous  watershed  in  Kern  County.  Since 
vegetation  cover  is  a major  driver  of  the  SCS  runoff  model,  the  data  generated 
by  remote  sensing  will  impact  directly  upon  runoff  curve  numbers  used  by  KCWA. 

TKST  SITF, 

•y 

The  Lake  Isabella  test  site  (230  km  ) for  this  preliminary  investigation 
is  in  the  north  central  portion  of  Kern  County  in  the  southern  extension  of  the 
Sierra  Nevada  mountain  range.  Lake  Isabella  itself  is  at  approximately  2000 
feet  above  sea  level  at  the  confluence  of  the  north  and  south  forks  of  the  Kern 
Rivers . 

The  test  area  possesses  a number  of  distinctive  woody  plant  communities 
common  to  Mediterranean  climates.  These  communities  include:  evergreen  stands, 

woodlands,  evergreen  scrubs  (chaparral  or  hard  chaparral),  and  drought-resis- 
tant scrubs  (coastal  sage  or  soft  chaparral).  Representative  of  the  vegetation 
cover  are:  Chamise  (Adenoatoma  app.),  mountain  mahogany  (Cerooarpua  betuloidee ) , 

Sumac  (Anaaardinaaeae  app.),  scrub  oak  (Queraua  dumoaa) , mountain  lilac  (Cae- 
nothua  app.)  with  several  species  of  annual  and  perennial  grasses  and  conifers 
present.  Excepting  deciduous  Queraua  app.  there  are  few  deciduous  trees  in 
the  study  area. 3 Chaparral  occurs,  in  varying  degree,  at  all  elevations  be- 
tween 2000-4500  feet.  The  term  chaparral  generally  describes  an  assemblage 
of  shrubs,  not  a single  specie.  It  should  be  noted  that  the  chaparral  of  Calif- 
ornia is  evergreen,  winter  active,  and  summer  dormant,  whereas  the  Rocky  Moun- 
tain (Petran)  chaparral  is  winter  deciduous  and  summer  active.  The  Mediterran- 
ean climate  of  the  test  area  produces  favorable  growing  conditions  during  the 
winter  and  spring  months,  followed  by  temperature  and  water  stress  during  the 
hot,  dry  summer  months.  Annual/perennial  grasslands  and  sage  occur  at  lower 
elevations.  Various  types  of  woodland  bisect  chaparral  brushfields  in  foot- 
hill areas  (=2000  feet)  with  riparian  plant  associations  along  canyon  bottoms. 

METHODOLOGY 


Data  Collection 

A review  of  model  parameters  identified  vegetation  cover  as  being  a major 
driver  in  the  SCS  watershed  runoff  procedure.  Remote  sensing  methodologies 
for  providing  this  data  were  investigated.  Because  of  the  large  area  (10,400 
km^)  that  ultimately  would  require  vegetation  data,  traditional  air  photo  analy- 
sis presented  several  problems.  First,  photographic  coverage  of  the  study 
area  was  incomplete  at  a scale  which  would  facilitate  vegetation  analysis. 
Second,  initiating  data  collection  flights  to  supplement  existing  aerial  photo- 
graphy would  have  been  too  costly.  Consequently,  a digital  image  processing 
approach  was  implemented  to  solve  this  problem.  A Landsat  II  computer  compat- 
ible tape  was  obtained  as  the  primary  data  set  for  the  vegetation  classification 
(see  Figure  2).  Collateral  material  consisted  of  vegetation  maps  generated 
by  Kern  County  Water  Agency's  standard  terrestrial  windshield  surveys,  pan- 
chromatic aerial  photography  at  1:24,000  (Figure  3)  and  Kern  County  and  USGS 
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geologic  maps.  In  addition,  larger  scale  photography  was  des  red 
the  1 :24,000  panchromatic  aerial  photography.  Might  lines  Cook  and 

Nichols  peak  regions  using  dual  mounted  35  mm  cameras  yielded  1.5000  wide  angle 
2nd  1 :200  scale^olor  aerial  photography  (Mgure  4).  [he  telephoto  equipped 
camera  recorded  detail  of  the  central  portion  of  each  1:5000  frame. 


Data  Analysis 


The  Geography  Remote  Sensing  Unit  used  a modifi( 
system  for  the  analysis  of  the  multivariate  image  dai 
will  deal  with  a description  of  the  method  used  in  tl 
(refer  to  Figure  5 flow  diagram).  Ihe  computer  comp, 
first  preprocessed  in  order  to  reformat  and  correct 
sis  of  the  data  began  with  clustering.  Rather  than  i 
regions  throughout  the  study  area,  each  containing  a 
all  spectral  classes,  the  entire  feasibility  study  a 
Unsupervised  clustering  identified  the  best  comhinat 
optimum  number  of  cluster  classes.  Cluster  analysi 
types  of  interest  could  be  identified  solely  on  the 
signature.  Clustering  also  helped  identify  several 
ly  those  different  classes  with  identical  spectral  s 


ed  I.ARSYS  computer  software 
ta.^  The  following  text 
he  computer  aided  analysis 
atible  tapes  (CCT)  were 
system  distortion.  Analy- 
clustering  separate  pixel 
1 representative  sample  of 
irea  was  clustered  (Figure  b) 
ion  of  channels  and  the 
s indicated  whether  cover 


basis  of  their  spectral 
confusion  classes,  especial 
ignatures . 


A zoom-transfer-scope  was  then  used  to  superimpose  the  1:24,000  panchroma- 
tic pho  ographranrthe  cluster  map.  Further  analysis  of  the  vegetation  types 
was  cSmJlS  by  comparing  1:24,000,  1:5,000  and  1:200 

nhotoeranhv.  As  all  vegetation  classes  of  interest  could  not  be  identified 
solely  by  unsupervised  clustering,  supervised  training  class  sites  were  .select- 
ed th^ouch2ur?L>Mudy  area.  The  algorithm  used  for  supervi sed  c lass i f icat ion 
was  the  maximum  likelihood  discriminant  rule  based  on  a multivariate  Gaussian 
assumption.  Random  selection  of  training  sites  was  accomplished  by  selecting 
samplL  of  the  total  population  which  represented  each  vegetation  class  of 
terCst.  Spectral  statistics  on  16  vegetation  classes  were  °';'8>nally  deter 
mined  and  then  each  combination  was  tested 

tistical  analyses.  The  statistics  process  provided  the  mean  and  standard  dev la 
tion  vectors  per  l.andsat  channel,  histogram  by  channel,  and  a 
tr2l  plot  for  each  vegetation  class.  The  latter  function  provided  sraphic 
representation  by  l.andsat  channel  and  grey  level  value  for  each  vegetation 
class  Generally,  those  classes  which  were  not  represented  graphically  as  spa 
tiaily  separate  proved  difficult  to  separate  from  each  other  when  'JV'" 

likelihood  classification  procedure  was  implemented.  Those  classes  which  dis 
nlav  oveMap  i^  each  l.andsat  channel  were  noted  for  further  consideration. 
Furthermore^  after  evaluating  the  di vergence/separabi  1 1 ty 

noted  that  certain  classes  and  subclasses  might  be  combined  or  excluded.  For 
example  marginal  sub-classes  such  as  sand/barren  were  excluded  1 rom  further 
consideration  as  the  only  available  training  sites  were  a f«^«  border 
Also  the  divergence  analysis  confirmed  a priori  assumptions  that  the  sand/bar 
2ib  c aL  coulf 2ot  be  separated  from  other  classes  of  interest  Other  classes 
such  af Gra^s  1 and  Grass  II  were  combined  as  there  was  little  difference  in 
spectral  response  or  the  actual  runoff  numbers  associated  with  each  sub-clas. . 

RF.SUI.TS 


analysis  provides 


grasses  and  weeds.  The  Brush/Grass  ciu.-..-.  r'",  Wood- 

perennial  grasses  and  weeds.  The  Pasture  class  is  ^ °„ub 

land/Grass  consists  of  an  open  cover  of  various  species  of  oak,  primar  y - 
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oak  and  coniferous  trees  with  intervening  ground  space  occupied  by  perennial 
grasses  and  weeds.  Brush  I represents  hard  chaparral.  The  Mediterranean 
plant  associations  in  Ktrn  County,  together  with  the  level  of  vegetation  iden- 
tification required  by  tiie  SCS  method  of  watershed  runoff  estimation  in  this 
region,'  may  have  facilitated  better  results  to  be  achieved  than  would  be  the 
case  in  other  mountainous  environments  with  greater  population  (vegetation 
cover)  heterogeneity. 


CONCLUSION 

Both  GRSU  and  KCWA  personnel  are  encouraged  by  the  high  classification 
accuracy  results  achieved  in  this  feasibility  portion  of  the  project  (>  94t 
land  cover  classification  accuracy).  However,  we  are  aware  that  increased 
resolution  (both  spatial  and  spectral)  and  improved  software  may  be  necessary 
to  operationally  achieve  similar  results  in  more  complex  mountainous  environ- 
ments, especially  those  non-Mediterranean  plant  associations  with  a greater 
number  of  conifer  and  deciduous  trees. 

Remote  sensing  methods  employed  in  the  Lake  Isabella  feasibility  study 
area  are  currently  being  evaluated  for  accuracy  and  cost-effectiveness  in  order 
to  extrapolate  the  computer  aided  methodology  used  here  for  land  cover  classi- 
fication of  10,400  kmZ  of  mountainous  watershed  in  Kern  County,  California 
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Figure  4 


Figure  5 
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Figure  7.  Grass  1 (IS)  consists  of 
perennial  grasses  and  weed  specie. 
Brush/grass  (.)  is  dominated  by  soft 
chaparral  and  perennial  grass  and 
weeds.  The  pasture  {:)  is  cultiva- 
ted legumes.  Woodland/Grass  2 (-) 
consists  of  an  open  cover  of  various 
specie  of  oak,  primarily  scrub  oak 
and  conifers  with  intervening  space 
occupied  by  perennial  grasses  and 
weeds.  Brush  1 (-)  represents  hard 
chaparral . 
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APPHNUIX  A 

Cover  and  Land  Use  for  Hydrologic  Soil -Cover  Complexes  of  a 
Typical  Watershed  in  Land  Resource  Areas  19  and  20,  Southern 
California  Coastal  Plains  and  Southern  California  Mountains 

For  the  purpose  of  classifying  cover  on  a watershed  in  coastal  and  mountain 
areas  of  Southern  California,  the  land  uses  shown  in  Chapter  9,  Table  9.1 
Section  4,  Soil  Conservation  Service  National  Kngineering  Handbook,  October 
1971,  are  here  modified  to  apply  more  closely  to  Southern  California  conditions. 

It  is  emphasized  that  the  classification  of  land  use  into  kinds  of  plant  cover 
is  intended  entirely  for  estimating  runoff.  Only  those  classes  pertinent  to 
the  feasibility  study  area  are  listed. 

Wildland 

Areas  with  such  natural  or  native  plant  cover  as  grass,  brush,  woodland- 
grass  or  woodland.  It  may  or  may  not  be  used  for  grazing  livestock.  It  in- 
cludes abandoned  cropland.  Because  the  description  of  grassland,  woods,  and 
forest  on  page  8.3,  Hydrologic  Handbook,  is  too  broad  for  application  in  South- 
ern California,  Wildland  Land  Use  has  Teen  substituted  and  divided  into  the 
following  kinds  of  plant  cover. 

Annual  Grass  - Areas  on  which  the  principal  vegetation  consists  of  annual  grass- 
es  and  weeds. 

Broadleaf  chaparral  - Areas  where  the  principal  vegetation  consists  of  evergreen 
sh rubs  wi th  broa‘«r,“ha rd , and  stiff  leaves.  The  brush  cover  is  usually  dense  or 
moderately  dense. 

Meadow  - Areas  with  seasonally  high  water  tables,  locally  called  cienegas,  on 
which  the  principal  vegetation  consists  of  sod-forming  grasses  and  other  plants. 

Narrowleaf  chaparral  - Areas  where  the  principal  vegetation  consists  of  diffuse- 
ly  branched  evergreen  shrubs  with  fine  needle-like  leaves.  The  shrubs  are  wide- 
ly spaced  and  low  in  growth.  Where  narrowleaf  chaparral  shrubs  are  dense  and 
high,  such  areas  will  be  included  with  Broadleaf  chaparral  ground  cover. 

Open  brush  - Areas  on  which  the  principal  vegetation  consists  of  soft-woody 
shrubs  which  are  grayish  in  color.  It  also  includes  vegetation  on  desert -fac- 
ing slopes  where  Broadleaf  chaparral  species  predominate  in  an  open  shrub  cover. 

Perennial  grass  - Areas  on  which  the  principal  vegetation  consists  of  perennial 
grass,  either  native  or  introduced,  and  which  grows  under  normal  dryland  con- 
ditions. It  does  not  include  irrigated  and  meadow  grasses. 

Woodland-grass  - Areas  with  an  open  cover  of  broadleaf  or  coniferous  trees  and 
with  the  intervening  ground  space  occupied  by  annual  grasses  or  weeds.  The 
trees  may  occur  singly  or  in  small  clumps.  Canopy  density,  the  amount  of  ground 
surface  shaded  at  high  noon,  is  from  twenty  to  fifty  percent. 

Woods  (Woodlands)  - Areas  where  coniferous  or  broadleaf  trees  predominate.  The 
crown  or  canopy  density  is  at  least  50  percent.  Open  areas  may  have  a cover  of 
annual  or  perennial  grasses  or  of  brush.  Herhaceous  plant  cover  under  the  trees 
is  usually  sparse  because  of  leaf  or  needle  litter  accumulation. 

Barren  - Areas  with  no,  or  practically  no,  plant  cover;  where  IS  percent  or  less 
of  the  ground  surface  is  protected  by  plants  or  litter.  This  includes  rocklands, 
land  destroyed  by  erosion,  and  shaped  or  graded  land. 


Supplement  to  Chapter  9,  Section  4 of  the  Soil  Conservation  Service  Nat ional 
F.nginecring  Handbook,  October  1974. 
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MICROWAVE  MULTISPECTRAL  INVESTIGATIONS  OP  SNOW 
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Institute  of  Applied  Physics 
University  of  Berne 
Berne,  Switzerland 


ABSTRACT 


A long-term  observational  program  on  the  micro- 
wave  emission  and  scatter  behavior  under  controlled 
conditions  has  been  started  at  a high-altitude  alpine 
test  site.  All  stages  of  development  of  the  snow-cover 
during  the  whole  season  are  under  inv’estlgation.  The 
purpose  of  this  study  is  to  achieve  the  required  know- 
ledge on  the  microwave  radiative  properties  of  snow  for 
the  optimization  of  the  microwave  payloads  of  air-  and 
space-borne  snow  sensors  and  for  the  interpretation  of 
large-scale  snow  maps  obtained  by  these  sensors. 

Preliminary  results  of  the  first  month  of  our  in- 
vestigation obtained  with  the  radiometers  at  ^.9,  10. *5, 
21  and  36  GHz  are  presented. 


1.  INTRODUCTION 


The  usefulness  of  the  microwave  spectrum  for  large-scale  mapping  of  the  snow 
cover  has  clearly  been  demonstrated,  e.g.,  by  utilizing  the  data  of  two  channels 
of  the  Nimbus-5  Microwave  Spectrometer  (KUnzi  et  al.  1976).  The  particular  ad- 
vantages of  microwave  sensing  of  snow  are 

the  all-weather  capability,  which  is  important  for  any  periodic  observation 
of  a surface  feature  determined  by  precipitation; 

the  penetration  depth,  which  can  help  to  estimate  the  water  content  of  a not 
too  thick  snow  cover; 

- the  specific  spectral  behavior  of  snow  at  microwaves,  which  allows  to  dist- 
inguish between  the  various  states  of  snow. 

The  latter  two  of  these  microwave  properties  are  not  yet  sufficiently  investigate 
to  allow  for  a reliable  quantitative  determination  of  the  water  content  of  a snow 
cover  and  of  the  state  (melting,  frozen,  etc.)  of  the  upper  layers.  Therefore  a 
long-term  program  has  been  established  to  study  the  microwave  emission  and  scatte 
behavior  of  snow.  All  stages  of  the  development  of  the  snow  cover  during  the 
whole  season  are  to  be  investigated. 
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density  and  layering.  But  also  more  advanced  ways  of  characterizing  snow,  e.g., 
by  the  crystallographic  properties  and  l the  meteorological  case  history  (freeze 
and  melt  cycles,  accumulation,  etc.)  are  in  use.  The  physical  properties  of  snow 
depend  on  a complex  combination  of  parameters,  each  of  them  undergoes  continuous 
variations  over  wide  ranges  within  short  time  scales.  The  multi-parameters  of 
snow  can  only  be  sensed  remotely  by  a suitable  multi-parameter  method  (wavelengths, 
polarizations,  incidence  angles). 


2.  TEST  SITE  AND  INSTRUMENTATION 

A special  test  field  has  been  selected  which  belongs  to  the  regularly  observed 
test  area  of  the  Swiss  Federal  Institute  of  Snow  and  Avalanche  Research  (EISLF)  of 
the  Weissf luhjoch  near  Davos.  The  altitude  (2550  m)  secures  the  appearance  of  all 
types  of  alpine  snow  quality  during  a sufficiently  long  season  (November  until  end 
of  May).  The  EISLF  makes  also  available  scientific  support  much  exceeding  their 
regular  observing  program.  A microwave  instrumentation  has  been  developed  follow- 
ing previous  experiences  (see  e.g.  Hofer  and  Schanda,  197**)  at  various  wavelengths. 
Five  radiometers  at  frequencies  of  ^.9  GHz,  10.5  GHz,  21  GHz,  36  GHz  and  9^  GHz, 
and  additionally  a scatterometer  at  X-band  has  been  constructed  and  combined  in  a 
common  instrument  cabin.  This  cabin  is  mounted  on  a l6-meter  tower  allowing  for 
measurements  at  all  polarization  angles  and  at  all  incidence  angles  between  nadir 
and  zenith.  All  horn  antennas  for  the  different  wave  bands  have  a 3 db  beamwidth 
of  approximately  10  degrees.  Therefore  the  radiation  properties  of  almost  identi- 
cal footprints  on  the  snow  surface  are  measured  simultaneously  over  the  whole 
spectral  range. 


3.  MEASUREMENTS 

During  the  first  period  of  measurements  only  the  four  radiometers  at  frequen- 
cies of  4.9  GHz,  10.5  GHz,  21  GHz  and  36  GHz  have  been  in  operation.  The  depth 
of  the  snow  cover  at  our  site  was  about  2 meters.  This  means  the  remaining  nadir 
distance  between  snow  surface  and  horn  antennas  was  about  14  meters  which  is  by 
far  sufficient  for  the  plane  wave  condition. 

During  the  first  month  of  observation  (March/April  77)  at  about  15  days, 
measurements  of  the  microwave  emission  behavior  have  been  performed.  In  the 
following  results  of  the  period  around  April  1st  77,  and  in  particular  of  this  speci- 
fic day,  are  presented. 

Figures  1 and  2 show  the  dependence  of  the  radiation  temperature  on  the  look 
angle  (measured  in  degrees  off  nadir)  for  the  earlier  mentioned  frequencies,  and 
for  a morning  measuring  cycle  and  an  afternoon  cycle  respectively.  At  each 
"cycle"  the  angular  range  between  nadir  (0°)  and  65°  off  nadir  was  scanned  three 
times  for  each  of  the  two  orthogonal  polarizations.  The  time  consumed  for  each 
cycle  was  typically  between  1 and  2 hours  including  repetitive  calibrations 
against  built-in  loads  at  controlled  temperatures  and  against  the  sky.  There  are 
possibilities  to  shorten  considerably  the  time  for  the  measurements  by  the  im- 
provement of  the  electronic  equipment  for  the  registration  which  is  being  imple- 
mented now,  but  also  if  only  one  scan  is  taken  for  each  polarization  of  each 
cycle.  The  necessity  of  shorter  measuring  cycles  to  be  representative  for  a speci- 
fic state  of  the  snow  cover  is  demonstrated  by  Figure  3.  On  2 April,  a particu- 
larly quick  warming-up  during  the  morning  cycle  took  place  due  to  the  meteorolo- 
gical condition  on  this  day.  A strong  melting  phase  set  in  at  about  9.oo  a.m. 
which  changed  the  emissive  behavior  drastically  during  only  one  hour  for  all  wave- 
lengths (only  two  are  shown  in  Fig. 3 for  the  sake  of  clarity),  while  on  the  other 
days  (e.g.  1 April)  the  measuring  points  are  scattered  randomly  around  the  lines 
drawn  in  Figures  1 and  2,  and  no  systematic  deviations  were  observed  for  the  three 
scans  of  each  cycle.  The  spectral  behavior  of  the  measurements  on  1 April  (as  an 
arbitrarily  chosen  example)  is  summarized  in  Figure  4.  There  is  a complete  re- 
versal of  the  spectrum  between  the  morning  and  the  afternoon  measuring  cycles. 


60?. 


The  particularly  strong  frequency  dependence  of  the  wet  snow  measured  in  horizontal 
polarization  is  an  evidence  for  the  content  of  liquid  water.  Finally  in  Figures  5 
and  6 the  brightness  temperatures  appearing  for  the  nadir  angle  of  30°  as  they 
developped  between  30  March  and  3 April  are  presented.  There  was  no  measurement  in 
the  afternoon  of  31  Marc ii,  and  there  was  a failure  in  the  measurement  of  the  horizon- 
tal polarization  in  the  afternoon  of  30  March.  For  the  horizontal  polarization  on 
the  morning  of  2 April  are  taken  the  values  of  the  second  scan;  this  is  arbitrary, 
and  the  first  trace  would  give  a better  representation  of  the  morning  situation 
but  would  enhance  the  behavior  more  than  appropriate  for  this  less  reliable  cycli  . 


A.  DISCUSSION 

As  far  as  conclusions  may  be  drawn  at  all  from  these  preliminary  results,  the 
following  seems  obvious:  During  the  period  of  observation  which  represents  a me- 

teorological situation  typically  for  spring,  tiiere  occurred  a warming-up  on  each 
day  around  noon  which  resulted  in  melting  and  formafion  of  water  droplets  su;;i)ended  between 
tlie  snow  crystals  while  in  ti«evenings  the  freezing  was  settiiig  in  and  restored  the 
snow  cover  of  each  day  to  a typical  morning  state.  This  cyclically  frozen  ard  mel- 
ted snow  surface  is  reflected  in  the  reversal  of  the  spectral  behavior  of  the 
microwave  emission:  Volume  scattering  by  the  ice  cristals  at  all  wavelengths 

causes  a more  black-body  like  behavior  at  the  lower  frequencies  with  the  much  deep- 
er penetration  while  the  shorter  wavelengtiis  are  scattered  more  efficiently  by 
each  cristal  and  thus  reflecting  more  effeciently  the  cold  sky.  In  wet  snow  how- 
ever the  high  permittivity  of  the  liquid  water  causes  a stronger  reflection  (lower 
brightness  temperature)  at  the  lower  frequencies,  particularly  obvious  in  the  hori- 
zontal polarization. 

A more  comprehensive  study  with  more  statistics  of  the  microwave  measurements 
including  many  different  states  of  the  snow  cover  and  systematic  correlation  to 
the  conventional  snow  parameters  is  in  progress  and  will  be  published  elsewhere. 
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asslst  with  resource  Plf""^^"gt5ate^the  application 
tive  of  this  study  Lterminlng  land 
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was  used  Co  uniformly  backlight  each  transparency  and  position  them  relative  to 
a vldlcon  camera  which  converted  optical  density  factors  into  electrical 
signals  proportional  to  the  amount  of  light  received  by  Che  camera  from  each 
point  on  the  image.  An  ISI  VP-8  image  analyzer  accepted  the  video  image  input 
and  was  the  primary  tool  for  studying  the  imagery.  The  analyzer  is  capable  of 
generating  a horizontal  and  vertical  cursor  line  pair  onto  a monitor  screen 
with  the  intersection  point  of  these  movable  cursors  determining  the  image 
point  whose  output  signal  was  digitized  and  read  on  a built-in  digital  meter. 

The  LandsaC  black  and  white  chips  were  enlarged  Co  1:1,000,000  scale  for 
analysis  with  this  system.  Further  enlargement  was  attempted  but  the  loss  of 
resolution  was  too  great.  Since  both  bands  6 and  7 emphasize  vegetation  and 
the  boundary  between  land  and  water,  either  is  useful  for  distinguishing 
wetland  boundaries.  Band  6 was  placed  under  Che  camera  for  analysis.  By 
manually  reading  the  analyzer  digital  meter  and  recording  their  values,  20 
repetitions  of  relative  light  transmission  measurements  were  taken  on  each  of 
four  types  of  scene  elements;  wetlands,  urban  areas,  agricultural  lands,  and 
forests.  A statistical  analysis  of  the  readings  determined  that  a significant 
difference  existed  in  the  light  transmission  measurements  of  the  four  classifi- 
cations except  between  urban  and  wetlands.  Thus,  these  two  classifications 
could  not  be  separated. 

By  assuming  a normal  distribution  of  the  data,  the  width  of  the  classifi- 
cation ranges  could  be  compared  with  the  mean  values  plus  or  minus  two  standard 
deviations.  This  confidence  limit  of  plus  or  minus  two  standard  deviations  of 
the  data  contained  approximately  957.  of  the  data  points  in  each  data  set.  The 
mean  and  standard  deviation  were  calculated  for  each  type  of  scene  element  so 
that  the  scene  elements  could  be  classified  numerically  with  measured  trans- 
mission values  from  10  to  95  for  urban,  22  to  69  for  wetlands,  96  to  221  for 
forests,  and  274  to  474  for  agriculture.  Since  urban  areas  and  wetlands  showed 
the  same  signatures,  these  two  categories  could  not  be  separated  and  thereby, 
the  results  of  the  statistical  tests  were  supported.  Figure  1 shows  how  these 
ranges  appeared  when  shown  as  normal  distribution  curves. 

The  above  data  was  contoured  into  areas  of  uniform  image  brightness  with 
the  results  displayed  on  a television  monitor  modified  to  allow  representation 
of  the  relative  optical  densities  of  the  image  in  color  coded  form.  When  the 
output  voltage  corresponding  to  a point  on  the  image  being  scanned  was  within 
the  specified  range  as  determined  by  the  density  readings,  the  color  assigned 
to  that  voltage  range  was  displayed  on  the  monitor  screen.  Thus,  the  original 
black  and  white  scene  was  reproduced  with  colors  corresponding  directly  to  the 
various  brightness  levels  of  the  image. 

Bands  4 and  5 were  analyzed  by  the  same  densitometric  methods.  As  shown 
in  figures  2 and  3,  the  ranges  overlapped  to  the  extent  that  wetlands  could  not 
be  separated  from  agriculture,  and  urban  areas  could  not  be  separated  from 
forests.  However,  these  bands  did  show  a significant  difference  in  urban  and 
wetland  classifications  which  could  not  be  separated  on  bands  6 or  7.  There- 
fore, it  seemed  that  a combination  of  band  6 or  7 with  band  4 or  5 would  permit 
the  distinction  of  these  two  categories,  and  a multispectral  additive  color 
viewer  was  used  to  enhance  both  wetlands  and  urban  areas. 

Previous  studies  have  shown  that  the  primary  criteria  ijr  the  delineation 
of  wetland  patterns  are  the  extremely  dark  red  shades  of  bogs,  marshes,  etc.; 
the  reduced  infrared  reflectance  of  plants  growing  in  wet  areas;  and  the  black 
color  of  organic  soils.  Usually,  these  patterns  are  best  seen  using  band  5 
with  no  filter  in  combination  with  band  7 with  a red  filter.  Several  combina- 
tions of  filters  and  light  intensities  were  experimented  with  in  order  to 
enhance  the  target  area.  Except  for  the  color  composite,  the  band  5-7  combina- 
tion did  give  better  enhancement  to  wetland  features  than  other  combinations. 
However,  the  color  composite  using  blue,  green,  red,  and  red  filters  respective- 
ly on  bands  4,  5,  6,  and  7 provided  comparable  enhancement  of  wetland  patterns 
in  addition  to  providing  better  enhancement  of  cities  (blue  or  blue-gray  color). 

Manual  mapping  and  classification  techniques  were  used  in  order  to  Indicate 
a level  of  accuracy  of  the  Landsat  data  as  compared  with  high  and  low  altitude 
photography  for  land  use  classification.  A map  was  prepared  at  two  scales  based 
on  the  Landsat  color  composite  (1:250,000  scale).  First,  it  was  mapped  at  its 
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1-130  000  In  order  to  compare  It  to  nigh  aitituae  pnouoRi  p 7 ,,,-Knn  and 

Forked  Deer  River  diversity  in  both  kind  and  density 

Since  these  could  not  be  separated,  the  agricuiturax 
compasses  barren  land. 

High  altitude  photography  <‘ ■ fEf55't?JJ^'’or«ban”fo5l«. , 

"-IrSoi  Sr^sjiE^Hd  UrlcSui  a I f r n 'rs'S^rs!^*' 

graphy  waa  taken  In  November  when  moat  of  the  fields  were  oare. 

Photo  interpretation  of  X24.000  !'•>'  ^Eus'^rf "iweS'JtEJ'mir^oE'' 

i“'^”r!Ei■tE:^rErkE^er£“s^ 

YL  of  the  area  as  determined  by  boundary  data  and 

percentage  of  difference  or  error  was  determined  between  tne  concr 

each  of  the  other  scales  (Table  I). 

For  total  area,  the  difference  between  the  1:130.000  hUh^EnErJetCeen 
1:24,000  scale  imagery  was  3o"oOO^s’calI^and  the  control  data 

Eairuired^ro^bt'finse^ia  ^ 

iTgS:»fpe“e"i|rff  Irro'r  In  'h”  "uEb.n  cWy.  ^ 

beSauce  the  resolution  factors  of  small  scale  i^gery  limit  tne 

:r??e^ ‘S!:urip‘«iSt'^.in^-tler?rPore,t. , ind 

are  therefore  not  easily  distinguished. 

The  objective  of  this  study  was  to  de^nstrate  the  applies^ 
nation  of  Landsat  data  <ietermining  la,^  use  of  ^t^^J^^^^^^^darles . 

west  Tennessee,  concentrating  on  tjje  ^«terai  ^ ^ ^ „as 

Using  densltometrlc  methods  on  separated  from  forest  and 

fgEt"!ru?a;'’undrrbVnd“r'iLever  urban^ 

d“d”;irl“r^“h:iE^ed'S^^“nr^.uI^t^;«"i.”^^^^^ 

Mapping  and  classification  techniques  «^te  used  to  determlne^the  ^curacy 

°dLr‘*randrarcrbe'S;ed'as;Sl 

^r^J^riis^^c^i^prraJ?^  ^i^J/ac  ^rith  ^ rU?Jfe%mag^ery , bSt  does  not  provide 
fhe  a^ltlonal  detail  of  Level  II  classifications. 

This  study  has  shown  that  trSerloricini^'m^as^re""* 

mine  wetland  boundaries.  It  can  t e e determine  drainage  trends, 

trreSrprovIdtfg^^eJerrrsoCLrl^  for  management  and  preservation 

programs . 
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figure  1. 
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TABLE  I 


AREA  CALCULATIONS  AND  PERCENTAGE  OF  DIFFERENCE  OF 
HIGH  ALTITUDE  AND  LANDSAT  IMAGERY  AS 
COMPARED  TO  LOW  ALTITUDE  IMAGERY 
(Area  Expressed  in  Hectares) 


SCALE  LOW  ALTITUDE  HIGH  ALTITUDE  LANDSAT  LANDSAT 


1:24,000 

1 : 1 30  , 

,000 

1 : 130,000 

1:250,000 

CLASSIFICATION 

7. 

7, 

X 

URBAN 

1,961 

873 

55 

938 

52 

481 

78 

WETLANDS 

2,100 

2,465 

17 

2,865 

36 

2,570 

22 

FOREST 

4,609 

3.423 

26 

3,540 

23 

3,231 

30 

AGRICULTURE 

23,454 

27,860 

19 

32,770 

40 

32.239 

37 

TOTAL 

32,124 

34,621 

8 

40,113 

25 

38,581 

20 
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ABSTRACT  . 

In  order  to  achieve  wider  acceptance  among  users  of  land  use 
mapping  from  remote  sensing  data,  the  interpreter  must  be 
able  to  specify  the  accuracy  of  his  product.  Due  to  time 
and  cost  constraints,  it  would  be  virtually  impossible, 
in  the  practical  sense,  to  check  completely  each  land  use 
parcel  throughout  a region.  Therefore,  a valid  sampling 
procedure  is  required  to  estimate  classification  accuracy. 
Stratified  random  techniques  have  been  accepted  as  the  most 
appropriate  method  of  sampling  in  land  use  studies  using 
remote  sensing  imagery,  so  that  smaller  areas  can  be 
satisfactorily  represented.  But  the  problem  remains  about 
how  to  select  the  best  sample  size  for  each  category.  Although 
several  alternative  methods  have  been  used , none  provide 
sufficient  statistical  justification  for  the  allocation  of 
sample  points  in  each  category  of  la-.d  use  using  remote  sensing 
imagery.  This  paper  describes  a more  detailed  and  more  reliable 
method  for  determining  the  most  appropriate  (i  e.,  minimum)  sample 
size. 

The  function  of  the  ground  truth  survey  in  an  operational  remote 
sensing  land  use  survey  is  to  utilise  a sound  statistical 
sampling  design  which  will  test  the  correctness  of  the  attri- 
bution by  interpretation  of  specific  sites  to  classes  in  the 
classification.  That  is,  for  any  sample  point,  it  should  be 
shown  whether  the  remote  sensing  attribution  to  p.  class  within 
the  classification  is  correct  or  in  error. 

Some  of  the  main  aspects  that  need  to  be  considered  in  such  a 
remote  sensing  sampling  design  are 

(i)  the  frequency  that  any  one  land  use  type  (on  the  ground) 
is  erroneously  attributed  to  another  clans  by  the 
interpreter; 

(ii)  the  frequency  that  the  wrong  land  use  (as  observed  on 
the  ground)  is  erroneously  included  in  any  one  class 
by  the  remote  sensing  interpreter; 

(iii)  the  proportion  of  iU.1  land  (as  determined  in  the  field) 
that  is  mistakenly  attributed  by  the  interpreter;  and 

(iv)  the  determination  of  whether  the  mistakes  are  random  (so 
tiiat  the  overall  proportions  are  approximately  correct) 
or  subject  to  a persistent  bias. 

This  paper  presents  a sampling  and  statistical  testing  proced^e 
which  allows  an  approximate  answer  to  each  of  these  aspects.  Uie 
concept  developed  and  described  in  the  paper,  incorporates  the 
probability  of  making  incorrect  interpretations  at  particular 
prescribed  accuracy  levels,  for  a certain  number  of  errors,  for 
a particular  sample  size.  This  contrasts  with  the  usual  practice 
of  expressing  the  interpretation  errors  as  a percentage  of  a 
subjectively  derived  number  of  sample  sites.  Consequently  it  is 
considered  that  this  approach  offers  a more  meaningful  explan- 
ation of  the  interpretation  accuracy  level  of  an  entire  remote 
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sensing  land  use  survey  and  also  within  each  category. 

The  remote  sensing  sampling  strategy 
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the^lSuJaSv'of^Ly  reiote  sensing  image  interpretation  - 
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Ctobbs  (1968)  used  a random  sampling  method  in  order  to  measure  land  use  in 
Malawi.  He  calculated  the  number  of  points  to  be  sampled  on  each  photograph 
by  using  a predetermined  formula.  Although  it  is  one  of  the  few  published 
reports  where  the  mathematical  basis  for  determining  the  number  of  sample 
points  is  adequately  detailed,  the  design  parameters  do  not  permit  its  exten- 
sive use.  A similar  sampling  approach  utilising  the  same  formula  was 
performed  in  Nigeria  by  Alford  et  al. . (1974). 

Multi-stage  sampling  procedures  have  been  used  in  studies  associated  with  the 
production  of  land  use  maps  from  LAI'DSAT  imagery.  Usually,  the  interpretation 
of  the  land  use  patterns  on  the  orbital  imagery  becomes  the  first  stratifi- 
cation in  the  multi-stage  design.  This  is  then  accompanied  by  several  stages 
of  sub-sampling  using  low  and/or  high  altitude  photography  and/or  ground  data 
acquisition  to  quickly  and  efficiently  check  land  use  interpretations. 
Unfortunately,  there  are  insufficient  published  details  about  this  type  of 
sampling  design  applied  to  visual  interpretation  techniques. 


In  summary,  stratified  random  sampling  techniques  have  been  readily  accepted 
as  the  most  appropriate  method  of  sampling  in  land  use  studies  using  remote 
sensor  imagery,  so  that  smaller  areas  can  be  satisfactorily  represented.  But, 
the  problem  still  remains  on  the  selection  of  best  sample  size  for  each 
category.  Several  alternative  methods  have  been  used,  e.g., 

(i)  stratify  the  region  geometrically  and  then  randomly  select 
points  within  each  square  or  rectangle  (Berry  and  Baker,  1966). 

The  number  of  points  may  be  determined  by  utilising  formulae, 

(Stobbs,  1968;  Alford  et  al..  1974); 

(ii)  stratify  the  region  by  interpreted  land  use  categories,  then  estimate 
the  total  number  of  sample  points  that  could  be  visited  due  to  the 
constraints  imposed  by  time  and  money,  and  subsequently  distribute  the 
them  proportionally  by  area  (Zonneveld,  1974); 

(iii)  stratify  the  region  by  interpreted  land  use,  allocate  a certain 
number  of  sample  points  to  the  category  with  the  smallest  area, 
before  distributing  sample  points  to  the  other  categories  in  ro- 
portion  to  their  area  (Rudd,  1974). 

It  is  considered  that  the  above  methods  do  not  provide  sufficient  statistical 
justification  for  the  allocation  of  sample  points  in  each  category  of  rural 
land  use  utilising  LAIIDSAT  MSS  imagery.  Consequently  a more  detailed  and 
more  reliable  method  for  determining  the  most  appropriate  (i.e.,  minimum) 
sample  size  should  be  ascertained.  To  meet  this  requirement  the  following 
procedure  has  been  developed  and  successfully  employed  in  operational 
projects.  A fuller  description  of  this  methodology  may  be  found  in 
van  Genderen  and  Lock  (1976). 


2:1 


Sample  Size 


The  function  of  the  ground  truth  survey  in  an  operational  system 
is  to  utilise  a sound  statistical  sampling  design  which  v/ill  test 
the  correctness  of  the  attribution,  by  interpretation  , of  specific 
sites  to  classes  in  the  classification.  That  is,  for  any  sample 
point,  it  should  be  shown  whether  the  remote  sensing  allocation  to 
a class  within  the  classification  is  correct  or  in  error. 


Some  of  the  main  aspects  that  need  to  be  considered  in  such  a 
remote  sensing  sampling  design  are;- 


(i)  the  frequency  that  any  one  land  use  type  (on  the  ground) 


is  erroneously  attributed  to  another  class  by  the  interpreter. 
For  example  in  Table  1,  3A5  of  A is  erroneously  attributed 
to  other  classes; 

(ii)  the  frequency  that  the  wrong  land  use  (as  observed  on  the 
ground)  is  wrongly  included  in  any  one  class  by  the  remote 
sensing  interpreter.  For  example  in  Table  1 5A7  of  A 
allocations  are  wrongly  interpreted; 

(iii)  the  proportion  of  all  land  (as  determined  in  the  field)  that 
is  mistakenly  attributed  by  the  interpreter.  For  example 
in  Table  1 8/51  of  all  attributions  are  incorrect,  and 

(iv)  the  determination  of  whether  the  mistakes  are  random  (so  that 
overall  proportions  are  approximately  correct)  or  subject  to 
a persistent  bias.  For  example,  in  Table  1 there  may  be  a 
significant  tendency  to  misattribute  land  use  C (on  the 
ground)  to  category  A,i.e.,  4A^* 

Thus  the  successful  design  of  a sampling  and  statistical  testing 
procedure  will  allow  an  approximate  answer  to  each  of  these  aspects. 

In  order  to  determine  the  optimum  size  (defined  as  the  minimum  number 
of  points  that  need  to  be  checked  in  the  field  in  order  to  meet  a 
specified  accuracy  requirement  ) for  a stratified  random  sample 
of  a region  which  has  been  mapped  by  remote  sensing  techniques,  it  is 
necessary  to  consider,  primarily,  one  land  use  type  or  category  (stratum) 
which  has  been  identified  from  remote  sensing  imagery.  A sample  of  x 
points  in  that  land  use  type  can  then  be  selected  and  the  number  of 
errors  (f)  checked  in  the  field. 

If  such  a procedure  adopts  a very  small  sample  (e.g.,  x = 10)  the 
number  of  errors  would  normally  also  be  small  (e.g.,  f = 0,1,2) 

However,  the  achievement  of  perfect  results  (i.e.,  f = 0)  in  such  a 
small  sample  does  not  imply  that  the  method  is  error  free,  as  the  re- 
sult may  occur  by  chance  in  a situation  where  a substantial  proportion 
of  the  land  use  classification  was  in  fact,  erroneous.  This  fact  is 
seldom  appreciated  by  many  image  interpreters  when  checking  the  accuracy 
of  the  results  of  their  remote  sensing  land  use  survey.  The  proportion 
of  the  interpretation  which  is  in  error  would  be  identified  in  a very 
lengthy  study,  and  is  normally  called  p^J  (or  p as  a decimal  fraction). 

The  probability  of  making  no  interpretation  errors  when  taking  a sample 
of  X from  a remote  sensing  based  classification,  with  real  errorg 
having  a probability  p,  is  given  by  the  binomial  expansion  (p+q)  in 
which  q = I - p.  In  the  case  of  no  errors  in  the  interpretation^^  the 
last  term  of  the  expansion  is  the  only  one  of  interest  (i.e,,  q ) 

Table  2 shows  the  probability  of  scoring  no  interpretation  errors  in 
samples  of  varying  sizes  taken  from  a population  with  a range  of  real 
error  proportions  q.  This  table  indicates  that  no  error  sample  results 
can  quite  easily  arise  in  small  samples  when  the  true  error  rate  is 
high.  Taking  the  conventional  probability  level  of  .95/. 05  (95?i  / 55^), 
the  table  can  be  divided  into  two  parts  by  a ’stepped'  line.  Above  and 
to  the  left  of  the  line  the  probability  of  obtaining  error  free  samples 
decreases,  even  though  true  errors  may  still  be  present  in  appreciable 
numbers,  while  below  and  to  the  right  of  the  line,  it  is  possible  to 
identify  the  high  probability  that  an  error  free  sample  could  only  have 
been  obtained  from  a method  that  was  relatively  free  of  true  errors. 

Thus,  if  the  permissable  error  rate  in  the  image  interpretation  is 
pre-determined,  for  example  85  - 90^^,  as  suggested  by  the  US  Geological 
Survey  Circular  671  (Anderson  et  al. . 1972)  or  as  required  in  an 
operational  job  specification  the  sample  size  for  each  land  use  category 
(stratum)  necessary  for  85/5  interpretation  a curacy  should  be  at  least 
20,  and  for  905.  accuracy,  at  least  30,  Therefore,  by  using  the  table 
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2:2  Rampling  Strategy 

It  has  been  demonstrated  that  a minimum  sample  .g®?®*ical^® 
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site  due  to  unforeseen  circumstances. 

5.  ESTABLISHMENT  OP  GROUND  TRUTH 

The  structure  of  the  °a^®“®re^late°the*^scope°of'*the  inquiry 

certain  controlling  which  t^  imagery  should  be  interpreted, 

and  determine  the  accuracy  I®''®!?.  *^^°^er  asS  can  affect  the 

the  minimum  size  of  the  are^  ^i  , These  difficulties  associated 

nature  of  the  overall  ground  truth  procedure^^Th^ 
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3:1  Rampling  Design 

The  pre-determined  sample  P°i"ts  are  r^do^y  distrib^^ 
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random  sampling  continues  until  the  optimum  number  is  reached  for  each 
category.  However,  in  practice,  the  areal  distribution  and  coverage 
of  some  categories  nay  be  too  snail  to  permit  the  generation  of 
Gnougn  rajidom  points*  If  this  occurs  several  alternatives  are 
available  to  satisfy  the  need  of  an  adequate  field  check.  The 
investigator  may  visit  all  the  areas  in  that  category  whilst  field 
checking  other  sites,  or  use  the  number  of  sites  that  were  generated 
after  a tolerable  period  of  r^'.dom  sampling  and  accept  the  fact  that 
the  accuracy  level  of  that  particular  category  may  not  meet  the  accept- 
ed level  required  for  the  survey.  If  these  alternatives  are  not 
reasonable,  then  the  classification  system  may  have  to  be  re-adjusted 
so  that  the  category  is  subsumed  into  the  next  level. 


Analysis  of  Results 


On  examination  of  the  ground  data  collection  sheets  several  sites 

have  to  be  excluded  due  to  inaccessibility  or  misplotting.  Then, 
the  sheets  for  the  sites  iffhichvere  incorrectly  interpreted  are 
investigated  and  comments  on  possible  reasons  for  mis-interpretation 
listed.  On-site  photographs  are  used  as  additional  data  sources  for 
isolating  causes  of  the  incorrect  interpretations.  The  predominant 
reasons  for  mis-classification  appears  to  be  the  occurence  of  a site 
in  a small  area  of  a particular  category  which  is  located  in  a much 
larger  area  of  another  category,  the  size  of  the  small  patch  not 
being  large  enough  to  meet  the  smallest  mappable  area  requirements. 


4.  CONCLUSION. 


analysing  the  results  of  the  interpretation 
of  LANDuAT  USS  imagery  r/as  successfully  devised  and  tested,  in  the  operation- 
al sense,  during  the  production  of  a land  use  map  of  Murcia  Province,  South 
East  Spain.  Although  the  system  was  based  on  the  commonly  used  stratified 
random  strategy,  one  important  aspect  was  developed  in  this  study  involving 
a method  of  determining  the  most  appropriate  sample  size.  This  technique  ^ 
utilises  interpretation  accuracy  levels  that  are  lower  than  the  normallv 
accepted  standards  adopted  in  conventional  surveys  using  air  nhoto-inter- 
pretation  methods  This  situation  arises  from  the  concfpfof  incorpoiaUng 
the  probability  of  making  incorrect  interpretations  at  particular  prescribed 
accuracy  levels,  contrasting  with  the  usual  practice  of  expressing  the 
interpretation  errors  as  a percenta,ge  of  a subjectively  derived  number  of 
sample  sites. 


Consequently,  it  is  believed  that  this  approach  offers  a more  meaningful 
explanation  of  the  interpretation  accuracy  levels  of  the  whole  operation 
^d  within  each  category.  Furthermore,  it  should  prove  to  be  very  useful 
in  other  types  of  operational  remote  sensing  projects,  saving  time  and 
money,  where  stringent  specifications  need  to  be  met  but  prior  to  this  study, 
was  not  possible  to  check  the  accuracy  of  the  work  in  any  reliable.  ^ 
statistical  manner.  “ * 
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TABLE  1 

MATRIX  SHOWING  HYPOTHETICAL  NUMBERS 
0?  SITES  IN  ACTUAL  ARD  IIITERPHETIJ) 
LAUD  USE  CATEGORIEn. 


LAND  USE 
(interpreted 
from  imagery) 


LAND  USE  (on  the  ground) 


TABLE  2 

PROBABILITY  OP  SCORING  NO  ERRORS  IN  SAMPLES  OP  VARYING  SIZES  PROM  A 
POPULATION  WITH  A RANGE  OP  REAL  ERROR  PROPORTIONS,  a. 


20 

25 

.122 

.072 

.087 
.107  .035 


30 

35 

40 

45 

50 

60 

.547 

.215 

.166 

.129 

.099 

.077 

.046 

.042 

.025 

.015 

.009 

.005 

Sample  size 

Specified  interpretation  accuracy 


number  of  errors 


TABLE  4 

PROBABILITY  OP  SCORING  ERRORS  IN  SAMPLES  OP 
VARYING  SIZES  PROM  A POPULATION  WITH  REAL  ERROR 
PROPORTION  OP  90/»  i.e.  THE  SPECIFIED 
INTERPRETATION  ACCURACY  LEVEL  IS  90^ 


number  o 


sample 

size 


TABLE  3 


stepped  line  indicates  approximate 
.05  level  of  probability 


PROBABILITY  OP  SCORING  ERRORS  IN  SAMPLES  OP  VARYING  SIZES  PROM 
A POPULATION  WITH  REAL  ERROR  PROPORTION  OP  85?t 
i.e.  THE  SPECIFIED  INTERPRETATION  ACCURACY  LEVEL  IS  85^^ 


sample 

size 


.0388 

.0172 

.0076 

.0034 


.0365 


.0636 

.0470 


steppea  line  inaicates  approx inate 
.05  level  of  probability 


: / 

^78-1451 2 


PRESENT  AND  FIJTURI-  OPKRATIONAI.  NCAA  SATHLI.ITH 

OCEANOGRAPHIC  PRODUCTS:  AN  INTRODUCTION 

.1.  Keith  Kalinowski,  Theodore  L.  Signore,  William  G.  Pichel, 
Charles  C.  Walton,  Robert  L.  Brower, 

Stanley  R.  Brown  and  Kenneth  G.  Bennekamper 

U.S.  DEPARTMENT  OP  COMMERCE,  NOAA 

NATIONAL  ENVIRONMENTAI.  SATELI-ITE  SERVICE 

S1I1TI.AN1),  MARYLAND 

ABSTRACT 

A review  of  operational  satellite-derived  NOAA/NESS  oceano- 
graphic products  is  presented  and  some  current  applications 
of  these  products  are  noted.  Recent  improvements  to  proce- 
dures used  in  deriving  sea  surface  temperature  observations 
and  fields  are  described.  Changes  to  data  reduction  tech- 
niques and  products  which  will  be  incorporated  with  the  ad- 
vent of  TIROS-N  are  outlined  and  some  potential  future  de- 
velopments are  mentioned. 


1.  INTRODUCTION 

The  National  Environmental  Satellite  Service  (NESS)  is  charged  in  part 
with  the  development  and  routine  production  of  oceanographic  products  derivable 
from  data  collected  by  polar-orbiting  and  geostationary  environmental  satel- 
lites flown  under  the  auspices  of  the  National  Oceanic  and  Atmospheric  Adminis- 
tration (NOAA).  These  products,  both  quantitative  and  qualitative,  come  in  a 
variety  of  spatial  and  temporal  resolutions  and  serve  a spectrum  of  users  rang- 
ing from  the  weekend  sailor  on  a pleasure  cruise  to  the  research  scientist 
studying  long-term  climatic  changes.  In  Section  2 of  this  paper  we  briefly 
consider  the  satellites  and  instruments  currently  involved  in  the  remote-sensing 
of  oceanographic  data.  In  Section  3 we  survey  the  products  presently  produced 
from  these  data.  In  Section  4 we  discuss  recent  improvements  in  the  operation- 
al procedures  used  in  the  derivation  of  sea  surface'  temperature  (SST)  observa- 
tions and  fields.  (This  section  is  especially  directed  to  readers  already 
possessing  some  familiarity  with  these  procedures.)  In  Section  5 we  look  at 
changes  in  S.ST  products  and  retrieval  techniques  which  are  planned  for  imple- 
mentation when  the  first  of  the  TIROS-N  series  of  polar-orbiting  environmental 
satellites  becomes  operational  in  the  fall  of  1978.  Several  developmental  and 
potentially  operational  TlROS-N  product  capabilities  will  also  be  mentioned. 

In  keeping  with  the  spirit  of  an  introductory/review  paper,  only  the  broad  out- 
lines of  processing  techniques  and  applications  will  be  given  whenever  the 
specific  details  of  such  have  been  previously  published.  Appropriate  refer- 
ences will  instead  be  cited. 

2.  CURRENT  SATELLITES  AND  SENSORS 
2.1.  THE  IMPROVED  TIROS  OPERATIONAL  SATELLITE  (ITOS) 


The  last  in  the  current  series  of  ITOS  polar-orbiting  satellites,  desig- 
nated NOAA  5,  has  been  fully  operational  since  September,  1976.  As  with  other 
satellites  in  the  series,  NOAA  5 is  in  a near-circular,  102”  inclination  orbit 
and  completes  approximately  12.4  1 500 -ki lometer  altitude  orbits  per  day, 
mitting  at  least  two  looks  per  day  (night  and  day)  at  each  point  on  the  earth. 
Its  sensor  compliment  includes  a Solar  Proton  Monitor,  a Verticle  Temperature 
Profile  Radiometer  (VTPR) , a Scanning  Radiometer  (SR)  and  a Very  High  Resolu- 
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tion  Radiometer  (VHRR).  The  SR  has  two  channels,  visible  and  thermal  infrared 
(10.5  12. Sum),  with  about  4,2-  and  8.0-km  resolutions,  respectively.  Similar 

•"  0.9-km  resolution.  The  VTl’R  is  an  eight -channel 

atmospheric  sounder  with  six  channels  in  the  ISumCOi  band,  one  water^vaner  and 
one  thermal  infrared  window  channel.  Further  details  on  Ihrins^rumentr^r 
(1972)*^""*^**°"*  *"  Hambrick  (1974)  and  in  Schwalb 

2.2.  SYNCHRONOUS  MFTKOROl.OC I CAL  SATELLITE  (SMS) /CEOSTAT 1 ONARY 
ORBITINC  ENVIRONMENTAL  SATELLITE  (GOES) 

and  maintains  two  operational  geostationary  satellites,  GOES  1 

and  .SM.S  2,  nominally  located  at  longitudes  of  7S»  and  135»W,  respectively,  at 

1°*^  about  35,800  km  above  the  equator.  (The  satellites  are  identical, 
with  SMS  denoting  original  NASA  sponsorship.)  These  satellites  provide  contin- 
surveillance  of  a majority  of  the  Western  Hemisphere.  The 
oceanographic  significance  on  each  is  a Visible  and  In- 

(VISSR).  Each  VISSR  has  eight  visible  and  two  (re- 
dundant)  infrared  channels  and  is  capable  of  providing  a full-disk  image  of  the 
earth  every  thirty  minutes.  The  VISSR  visible  and  infrared  channels  have  0.8 

I'cspectively.  Further  details  about  the  SMS/GOES  system 
can  be  found  in  Corbell,  etal.  (1976)  and  Bristor  (1975). 

3.  PRESENT  DAY  OCEANOGRAPHIC  PRODUCTS 

In  the  following  subsections  we  review  the  types  of  oceanographic  products 
now  generated  by  NESS  from  satellite  data.  For  ease  of  treatment  they  arc  di- 
vided into  groups  according  to  the  scnsor(s)  from  whose  data  they  are  generated. 

3.1.  PRODUCTS  FROM  SR  (AND  VTPR)  DATA 

3.1.1.  GLOBAL  SST  OBSERVATIONS 

Oceanographic  product  available  today  is  100- km  re- 
solution SST  observations  obtained  from  the  automated  Global  Operational  Sea 
Surface  Temperature  Computation  (GOSSTCOMP)  computer  procedure.  Observations 

infrared  data,  evaluated  for  cloud  con- 

v^Po  1 » atmospheric  attenuation,  and  then  quality  controlled. 

VTPR  data  are  used  in  these  procedures  when  available;  otherwise,  empirically 
derived  corrections  are  applied.  The  overall  reduction  technique  is  as  de 
scribed  in  Brower,  et  al.  (1975)  and  Brower,  et  al.  (1976),  except  for  those 
changes  described  in  Section  4 below  and  first  detailed  in  Walton,  et  al.(1976). 

About  4000  highest  quality  SST  measurements  and  about  10,000  of  all  quali- 
ties  arc  produced  daily.  All  SST  measurements  for  a given  month  arc  retained 
on  computer  disk  and  then  archived  for  the  Environmental  Data  Service  through 

voiu^no^^i  users;  for  example,  researchers  of  topics  in- 

volving climatic  trends  or  SST  anomaly  studies.  Each  day  a tape  of  SST  obscr- 
supplied  to  the  U.S.  Navy  for  use  in  its  Fleet  Numerical  Weather 

analysis.  Interested  parties  with  access  to  the  NOAA  computer 
can  obtain  lists  of  the  current  day's  obseriations  via  remote  terminal. 

3.1.2.  GLOBAL  SST  FIELDS 

Each  day  the  Objective  Analysis  Technique  (OAT)  of  the  GOSSTCOMP  procedure 

SSwL?r  ‘’y  polar-stereographic 

SST  field.  The  OAT  uses  numerical  techniques  to  weight  and  blend  new  observa- 
tions into  the  regUiarly  spaced  field  which  is  accessed  daily  by  the  National 
Meteorological  Center  for  use  in  its  numerical  weather  forecasts.  Remote  ter- 
minal and  batch  access  to  obtain  lat itude- longitude  grid  printouts  of  the  field 
are  possible.  Weekly  the  global  field  is  contoured,  and  mercator  and  polar- 
stcrcographic  maps  of  sea  surface  isotherms  are  produced  for  distribution  to  a 
world-wide  list  of  users.  The  SST  field  temperatures  are  also  used  as  a set 
of  boundary  conditions  in  the  production  of  atmospheric  temperature  profiles 
*r°"  (McMillin,  et  al.,  1976)  and  the  National  Marine  Fisheries  Ser- 

vice (NMFS)  in  La  .lolla,  California  refers  to  this  product  in  preparing  infor- 
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mation  useful  to  the  Pacific  tuna  fleet.  Another  user  is  the  National  Hurri- 
cane Center  in  Miami,  which  utilizes  the  SST  field  in  their  hurricane  watch. 
Every  ten  days,  ten  day's  of  fields  are  archived  for  the  Environmental  Data 
Service  and  made  available  in  tape  format  to  requesting  users. 

Changes  to  the  OAT  which  have  been  implemented  since  the  publication  of 
Brower,  et  al.  (1976)  are  discussed  in  Section  4 below. 

3.1.3.  MONTHLY  MEAN  SST  ANALYSIS 

Monthly  contour  charts  of  mean  SST  are  being  made  available  to  interested 
users.  This  new  product  is  produced  from  averages  of  all  SST  observations 
falling  in  each  square  of  a 64  by  64  grid  overlaying  a polar-stereographic  map 
base  for  both  the  Northern  and  Southern  Hemispheres.  Accompanying  these  mean 
SST  charts  is  a second  pair  of  contoured  displays  showing  the  number  of  obser- 
vations incorporated  into  each  mean  temperature  grid  value.  This  product  should 
be  valuable  as  an  anomaly  and  climatic  change  analysis  tool. 

3.2.  PRODUCTS  USING  VHRR  AND  VISSR  DATA 

Oceanographic  products  employing  the  high  resolution  data  of  the  VHRR  and 
VISSR  are  primarily  qualitative  in  nature  and  most  often  in  the  form  of  or  de- 
rived from  enhanced  imagery.  Products  have  their  greatest  utility  in  the  de- 
piction of  relative  temperature  differences,  although  absolute  calibration 
using  external  sources  of  data  is  possible. 

3.2.1.  OCEAN  THERMAL  ERONT  ANALYSIS 


3. 2. 1.1.  PRESENT  WEST  COAST  APPLICATIONS 

VHRR  infrared  images  received  during  cloud-free  periods  are  used  to  pro- 
duce charts  depicting  the  location  and  character  of  thermal  fronts  off  the 
coast  of  California.  Special  image  display  techniques  enhance  differences  in 
ocean  surface  temperature  and  identify  sites  where  upwelling  of  cold  water  is 
occurring.  The  primary  use  of  this  information  is  in  fishery  analysis  because 
the  upwelling  carries  nut rient - rich  water  to  the  surface  and  creates  favorable 
sites  for  thr  feeding  of  large  schools  of  fish.  Fishing  fleets;  e.g.,  those 
seeking  salMon  and  tuna,  often  find  these  sites  equally  favorable.  This  pro- 
duct is  disseminated  by  the  Satellite  Field  Service  Station  (SFSS)  in  San 
Francisco.  See  Stumpf  (1975)  and  Strong,  et  al.  (1972)  for  further  information 
on  the  applicability  of  satellite  data  to  studies  of  upwelling. 

3. 2. 1.2.  EAST  COAST  APPLICATIONS 


The  Gulf  Stream  can  be  readily  seen  in  cloud-free  VHRR  infrared  (IR) 
imagery.  Identifiable  features  include  warm  and  cold  eddies,  continental  slope 
and  shelf  water  masses  and  thermal  fronts  such  as  the  Gulf  Stream  North  Wall 
(the  region  of  steepest  temperature  gradient  separating  the  slope  water  from 
the  Stream  and  paralleling  the  highest  velocity  portion  of  the  Stream).  Each 
week  the  latest  cloud- free  VHRR  IR  images  arc  used  to  produce  a Gulf  Stream 
Analysis  available  by  National  Facsimile  and  by  mail.  GOES  VISSR  IR  imagery 
is  also  utilized  in  this  analysis  since  it  is  obtained  more  frequently  and  pro- 
vides an  improved  chance  for  a cloud-free  look.  Using  these  charts,  mariners 
can  save  time  by  navigating  in  the  Stream  (with  the  current)  when  northbound, 
and  by  avoiding  it  when  southbound.  The  charts  are  useful  to  the  Coast  Guard 
for  search  and  rescue  missions,  as  well  as  to  yacht  racers,  fishermen  and 
oceanographers.  A related  product  is  the  Gulf  Stream  Wall  Bulletin,  which  is 
broadcast  three  times  a week  by  the  Coast  Guard  and  contains  latitude  and 
longitude  coordinates  of  points  along  the  Wall.  See  Stumpf  (1974)  and  Baig 
(1976)  for  further  information. 


3.2.2.  EXPERIMENTAL  THERMAL  GRADIENT  ANALYSIS 


An  experimental  product  derived  from 
gradients  in  the  Gulf  of  Mexico  and  along 
a dynamic  computer  processing  technique. 


GOES  data  currently  displays  thermal 
the  eastern  coast  of  the  U.S.  using 
Several  times  per  day,  VISSR  visible 
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tion.  Infrared  data  fo^lhf  remaining  ‘■onsiJcra- 

calibratcd  and  then  compared,  sample  for  sLnle*  ’ areas  arc  temperature 

previous  looks  for  the  same  day.  '^By  means  of ^rcomno"-t 

replacement  procedure  addition^  cloud-  or  maximum  temperature 

a multi-look‘array  of  th^unde?  y/nrocean  eliminated  and 

end  result  is  a daily  diLuv  wMch  i!  ^ obtained.  The 

The  technique  al  lows^therma/gradients  in  the*’r*'i  possible  of  clouds. 

Culf  Stream  and  in  smalle?  kSturer  o be  sJudiod  '““P  Current,  the 

brat  ion  using  external  sources  of  data  is  also  k?  temperature  t aU- 

(1977)  for  additional  details?  ° possible.  See  Miller,  et  al. 


3.2.3. 


experimental  loop  current  and  gulp  stream  movie  LCWPS 


covering  relatively  long-periods  (Lys)^o^tfme  *9  "ovie  form  and 

revealing  motions  in  the  Loon  and  movies  are  capable  of 

yses  of%heir  dynamics  (i.egecUs.  yjTS?!  *'"  to  anal - 

3.2.4.  ICE  ANALYSES 

GOES  (I?nblerda?a!’'*^®  produced  routinely  from  VMRR  (IR  and  visible)  and 

months  from  satellite  Imagery  ^^^The  weekly  during  the  winter 

tion  and  thickness  of  ice^on^ihe  Ilreat  i^kef  iTis  ‘^‘‘Pi'^t  ing  the  loca- 

an^aid  to  navigation  and  by  the  National  Weather  Service  fSj;'s;'’?or°K'e  S're^as?- 

the  seJs'’bird'eiiVAffil'  °ft‘is  user"f^r"“‘^ • ‘-‘Average  is  made  weekly  for 
Navy  as  well  as  tL  NWS)  and  L L aid  "“'^•8=*tion,  ice  forecasting  (by  the 
r.do.  sea  Ice  Analysis  ls“f.“ar.r 

to  ice  studies*havc°been  invest igated*on  a^I imited’’re ‘h"h  satellite  data 
cliiiatic  influence  of  Artie  and  Antartir  iro  research  basis  because  of  the 

this  work  and  to  thrabove  analvse^can  . '"format  ion  pertaining  to 

M.Millan  and  Forsyth  can  be  found  in  McClain  (1974)  and  in 
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RECENT  IMPROVEMENTS  IN  SST  OPERATIONAL  PROCEDURES 


(iud"Lld":‘'?h"r;rS"B°li  sS's^ir"):  ?[s'“’- 


4.1. 


^"sfoSsFSvMm!,""  cassihicatiof  ,.ROCF™i.E 


«ith  regrrS  L°^'JSe?r“‘““°;.”''  P 

Ej^'pa^'rr^JrSisS;™'  »f  oilleSSlueSraT  rjalJItr’Sa; 

:nr  h: 

servaUen  prodoltien.^renL  !fs  ^"E’feaJSIel"!,^;.'?'  °'’- 

based  Sll'in'S'cSSpaHjllS  Srt£;'ss(°)!i;;?  Plassificatien  criteria 

er^!'"i?97j),'"KTth%*hi"h*%'’‘®*°*T  technique‘’discuned‘'b^'Bi^^^ 

window  channel  of  the  VTPr!  L"d''(2)  a*compa?[fon  oHh i rL"L^d*?eSrl?u^e" 
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with  the  temperature  seen  by  the  13.38ym  COi  channel  of  the  VTPR  (the  CO,  chan- 
nel which  penetrates  furthest  into  the  earth's  atmosphere).  The  classification 
scheme  evaluates  the  degree  of  contamination  of  each  VTPR  measurement  relative 
to  that  of  the  coincident  SR-derived  SST  target  and  categorizes  it  as  either 
clear,  mildly  contaminated  or  grossly  contaminated.  The  first  comparison  iden- 
tifies targets  in  which  the  scene  temperature  is  discontinuous  due  to  non-uni- 
form  cloud  cover-- in  which  case,  the  SST  target  should  be  warmer  than  the  VTPR 
window  channel  temperature.  The  second  comparison  distinguishes  the  ocean  sur- 
face from  a uniform  cloud  layer.  This  is  possible  because  a correlation  exists 
between  the  degree  of  cloud  cover  and  the  IR  window  - CO2  channel  temperature 
difference.  For  a uniform  cloud  layer  the  two  temperatures  converge. 

As  noted  above,  three  classes  of  SST  measurements  emerge  from  the  proce- 
dure. A careful  evaluation  of  the  technique  indicates  that  its  success  is  such 
that  "Class  1"  SST  measurements  can  be  adopted  as  valid  observations  (after  cor- 
rection for  atmospheric  attenuation),  subject  only  to  a coarse  "neighbor  check" 
involving  a weighted  comparison  with  adjacent  measurements.  There  is  no  furtltr 
quality  control  of  these  data;  specifically  none  involving  their  comparison  with 
the  existing  (day-old)  SST  field  or  with  climatology.  Further  quality  control 
is  performed,  however,  before  "Class  2"  or  "Class  3"  measurements  are  adopted 
as  SST  observations.  The  current  procedure  is  reviewed  in  the  next  subsection. 

Atmospheric  attenuation  corrections  to  Class  1 and  2 SST  measurements  are 
now  determined  using  a mathematical  expression  whose  coefficients  have  been  de- 
rived by  a multiple  linear  regression  procedure.  The  variables  entering  the  ex- 
pression are  the  SST  of  the  existing  field  and  the  scene  temperature  measured 
by  the  water  vapor  channel  of  the  VTPR.  Since  the  effect  of  cloud  contamination 
of  the  VTPR  measurements  is  to  overestimate  the  attenuation  calculated  via  this 
algorithm,  it  is  not  employed  for  Class  3 measurements.  They  are  corrected 
using  a simple  regression  equation  which  is  a quadratic  function  of  the  existing 
field  SST. 

The  present  procedure  for  obtaining  SST  observations  has  yielded  an  in- 
crease in  their  total  number  of  more  than  forty  percent.  Moreover,  the  new 
technique  yields  data  which  agree  better  with  SST's  measured  by  ships  than  did 
formerly-derived  satellite  SST's.  This  is  primarily  because  of  the  increased 
accuracy  of  Class  1 observations. 

4.2.  MODIFICATIONS  TO  THF.  GOSSTCOMP  OAT 

Accompanying  the  April  1976  changes  discussed  in  Subsection  4.1  were  four 
modifications  to  the  OAT  used  in  construction  and  maintenance  of  the  global  SST 
field.  These  supplant  parallel  procedures  described  in  Brower,  et  al.  (1976) 
and  are  summarized  next. 

(1)  The  practice  of  modifying  the  SST  field  with  climatological  data  to 
account  for  seasonal  changes  in  areas  where  poor  weather  prohibits  satellite 
observations  was  abolished.  This  practice  tended  to  reduce  true  SST  gradients; 
e.g.,  in  the  Gulf  Stream,  and  the  increase  in  the  number  and  quality  of  obser- 
vations provided  by  the  new  data  reduction  and  classification  procedures  miti- 
gated its  usefulness. 


(2)  The  procedure  used  in  blending  new  observations  into  the  field  was 
changed.  Grid  point  temperatures  are  now  altered  using  a weighted  (according  to 
class)  mean  of  all  observations  within  the  search  area  surrounding  the  point. 

This  change  tends  to  reduce  the  magnitude  of  false  (but  also  of  true)  gradients 
in  the  field. 

(3)  The  maximum-allowed  24-hour  change  in  a field  temperature  was  in- 
creased to  allow  for  faster  field  recovery  following  persistent  cloudiness.  It 
is  presently  set  at  two  degrees  per  day. 

(4)  The  maximum  distance  about  a grid  point  in  a low  gradient  area  which 
is  used  in  searching  for  new  observations  was  reduced  by  one-third.  It  is  now 
400  kilometers. 
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The  results  of  these  changes  are  a reduction  in  the  number  of  point  anom- 
alies in  low-gradient  areas  and  a better  representation  of  steep  gradients. 

The  improvement  in  the  agreement  of  satellite-derived  observations  and  ship  re- 
ports resulting  from  the  new  data  reduction  and  classification  procedures  is 
better  reflected  in  the  SST  field. 

The  winter  of  1970-77  more  than  amply  illustratc-d  the  inability  of  pre- 
sent-day NOAA  satellites  to  monitor  surface  parameter;,  through  persistent  cloud 
cover.  Long  periods  of  cloudiness  in  the  Western  Atlantic  and  Western  Pacific, 
coupled  with  the  elimination  of  climatology  from  the  GOS.STCOMP  procedure  allowed 
the  portions  of  the  S.ST  field  including  the  Gulf  Stream  and  the  Kuroshio  Current 
off  .Japan  to  first  become  badly  outdated  and  inaccurate,  and  then  self-suslain 
ing.  This  latter  problem  was  due  to  a lack  of  Class  1 observations  and  the  re- 
jection of  Class  2 and  3 data  by  the  field  comparison  quality  control  check. 
Analysis  of  the  problem  resulted  in  additional  OAT  modifications  which  are  now 
operational.  These  changes  described  below,  permitted  a faster  recovery  in  the 
problem  areas  and  will,  hopefully,  prohibit  or  at  least  retard  a recurrence  of 
this  weather- induced  condition. 

(1)  Class  1 observations,  as  compared  to  other  types,  have  been  given 
much  greater  weight  in  the  analysis.  This  has  the  effect  of  making  the  weight 
(i.e.,  reliability)  assigned  to  a field  point  in  a data  sparse  area  comparative- 
ly very  low  if  no,  or  only  Class  2 and  3,  observations  have  been  available. 

When  Class  1 observations  are  available  along  with  Class  2 and  3 data,  the 
latter  have  almost  no  effect  on  the  field.  The  retrieval  of  a Class  1 observa- 
tion acts  to  rapidly  rejuvenate  an  outdated  field. 

(2)  Quality  control  of  Class  2 and  3 measurements  is  now  made  via  a com- 
parison with  climatology,  instead  of  one  with  the  existing  field.  This  compari- 
son is  very  much  less  restrictive  than  it  was  formerly  (to  avoid  too  groat  a 
bias  toward  climatology).  A poor  field  will  no  longer  cause  a measurement  to 
be  rejected  as  an  invalid  observation. 

(3)  There  is  no  longer  an  iteration  of  the  neighbor-check  procedure 
which  uses  nearby  measurements,  and  the  tolerances  for  this  check  arc  less  re- 
strictive than  in  formerly  employed  techniques.  Its  main  function  is  now  the 
elimination  of  gross  errors,  whereas  it  was  previously  a restrictive  test 
applied  in  the  hope  of  eliminating  cloud-contaminated  data. 

Overall,  changes  reflect  greater  coifidencc  in  Class  1 observations,  with 
a corresponding  reduction  of  quality  control  which  facilitates  more  rapid  SST 
field  evolution.  In  the  absence  of  Class  1 data.  Class  2 and  3 observat ions- - 
with  their  inherent  shortcomings  acknowledged- -can  now  maintain  a data  sparse 
field  closer  to  truth. 

5.  TIIK  lUTURl:  WITH  TIROS-N 

The  launch  of  TlROS-N  in  1978  will  initiate  a new  satellite  and  data  pro- 
cessing system  designed  to  carry  the  NLSS  mission  through  the  mid-1980s.  Some 
details  of  the  TlROS-N  system  have  been  discussed  by  Ludwig  (1974a;  1974b). 
Initially  the  instrument  package  on  the  new  satellites  will  include  a 4 channel 
(one  visible,  one  ref lected- IR,  two  thermal -IR)  Advanced  Very  High  Resolution 
Radiometer  (AVHRR)  and  a second  generation  20 -channel  High  Resolution  Infrared 
Radiometer  Sounder  (HlRS/2).  A fifth  channel,  also  in  the  thermal-lR,  is 
planned  for  later  versions  of  the  AVHRR.  The  new  satellites  will  move  ai  alti- 
tudes of  about  830  km  in  near-circular  polar  orbits  of  102'  inclination.  I.ach 
will  complete  about  14.2  orbits  per  day.  Operationally,  TlROS-N  is  a two  satel- 
lite system  employing  satellites  whose  orbital  descending  nodes  are  spaced  about 
60'  in  longitude. 

A number  of  changes  from  present  day  procedures  are  projected  for  the 
TIROS-N  SST  processing  system.  Some  of  the  more  significant  are  as  follows: 

(1)  The  resolution  of  an  average  SST  observation  will  increase  to  about 

50  - km . 
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(2)  It  is  estimated  that  40,000  or  more  Class  1 observations  will  be 
obtained  per  day  per  spacecraft.  This  is  a factor-of-ten  increase  over  today's 
situation.  It  may  no  longer  be  necessary  (or  reasonable)  to  process  Class  2 
or  3 data. 

(.3)  A maximum-likelihood  technique  (described  by  Crosby,  1975)  for  deter- 
mining the  dear-scene  temperature  from  an  array  of  AVHRR  data  will  replace  the 
Ml-.ll  technique  now  employed. 

.p.  . AVIIRR  SST  targets  will  all  be  centered  upon  HIRS/2  sounding  targets. 

This  will  increase  the  comparability  of  data  from  the  two  instruments,  and, 
when  desired,  will  actually  result  in  an  oversampling  of  the  AVHRR  data.  The 
partial  use  of  the  same  AVHRR  data  in  analyzing  adjacent  targets  will,  in  low- 
gradient  areas,  greatly  facilitate  a determination  of  errors  internal  to  the  in- 
strument  ami  processing  systems.  Thus,  an  estimate  of  the  errors  inherent  in 
satellite  SST  determinations  which  is  independent  of  "ground  truth"  data  (e.g., 
ship  reports  which  are  themselves  subject  to  errors)  may  become  possible. 

(5)  All  SST  fields  will  be  maintained  as  latitude-longitude  arrays  rather 
than  polar-stereographic  arrays. 

The  increased  capabilities  of  TIROS-N  will  result  in  improved  present-day 
products  and  in  several  new  ones.  Three  of  these  are  described  next. 

(1)  Movable  2500  square-degree  meso-scale  SST  fields  having  50-km  resolu- 
tion will  be  maintained  in  selected  areas.  Initially,  at  least,  they  are  ex- 
pected to  encompass  the  U;S.  200-mile  Conservation  and  Management  Zone. 

(2)  A global  500-km  resolution  climatic-scale  field  on  a 5'  grid  will  be 
maintained  in  support  of  climatological  studies. 

(.3)  Pull  resolution  digital  data  from  the  AVHRR  will  be  used  to  prepare 
weekly  hand-drawn  isothermal  analyses  of  the  Great  Lakes  and  the  U.S.  Coastal 
Zone.  These  will  have  obvious  fishery,  shipping  and  weather  forecasting  appli- 
cations. (See  Strong,  1974  for  experimental  examples.) 

Candidates  for  future  experimentation  with  TlROS-N  data  include  research 
into  the  feasibility  of  multichannel  AVHRR-only  retrieval  techniques.  If  a 
successiul  procedure  can  be  developed,  it  may  become  possible  to  produce  even 
higher  resolution  (perhaps  10  km)  SST  observations  having  acceptable  accuracies. 
Oceanographic  product  experimentation  may  include  the  development  of  tempera- 
ture change  charts  and  anomaly  charts.  Improved  techniques  will  facilitate  the 
long-term  development  of  a global  satellite-derived  oceanographic  climatology. 
Such  a climatology  would  have  the  unique  advantage  of  having  been  derived  from 
a minimal  number  of  inter  comparable  instruments.  The  development  of  an  in- 
creasing number  of  oceanographic  products  and  data  bases  is  foreseen. 
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ABSTRACT 


An  infrared  polarimeter,  capable  of  operating  between  1 and  12  micrometers 
wavelength  has  been  used  to  measure  the  polarization  of  emitted  radiation  from 
the  sea.  The  observed  polarization  at  10.6  micrometers  from  a smooth  sea  was 
found  to  be  positive,  indicating  the  dominance  of  reflected  infrared  sky  radia- 
tion over  the  emitted.  With  the  appearance  of  wave^  the  percent  polarization 
increased, as  expected,  for  a zenith  angle  well  above  the  Brewster  angle  for 
water.  This  is  qualitatively  in  accordance  with  a model  presented  to  explain 
the  behavior.  Initial  analyses  indicate  that  the  polarized  components  of  the 
sea's  emitted  and  reflected  radiation  are  affected  by  type  and  direction  of 
waves,  angle  of  viewing,  and  foam.  The  effects  of  variations  in  these  para- 
meters  require  further  delineation.  The  infrared  polarimetric  technique 
appears  to  be  a novel  new  passive  method  for  remote  monitoring  of  waves. 


INTRODUCTION 


The  global  distribution  of  sea  state  is  of  great  interest  because  it  deter- 
mines local  ocean  and  coastal  processes,  and  is  indirectly  an  indicator  of  the 
wind  field  above  the  sea.  The  sea  state  also  is  affected  by  surface  flotsam, 
such  as  oil  slicks,  and  thus  has  an  environmental  interest. 


Present  techniques  for  remotely  measuring  sea  state  include  passive  micro- 
wave  radlometry,  radar  scatterometry , and  laser  altimetry.  We  have  developed 
a new  system  that  indicates  the  wave  height  by  means  of  the  polarization  of  the 
sea's  emitted  and  reflected  infrared  radiation. 


It  has  been  recognized  for  a long  time  that  the  emitted  radiation  from  sur- 
faces is  polarized.  In  1895  R.  A.  Millikan  published  two  papers  explaining  the 
polarization  of  light  emitted  by  incandescent  solid  and  liquid  surfaces. 

Earlier,  Arago  (1824)  had  shown  that  light  from  incandescent  solids  and  liquids 
was  partially  polarized.  Solids  need  not  be  highly  heated  in  order  to  emit 
polarized  radiation.  Solids  at  room  temperature  emit  infrared  radiation  peak- 
ing near  10  micrometers  wavelength;  their  radiation  also  would  be  expected  to 
be  polarized  and  this  fact  was  confirmed  with  experiments  by  Sandus  (1965) . 

The  emitted  radiation  from  bodies  of  water,  in  the  wavelength  range  from 
2 to  200  micrometers  wavelength  appears  to  be  polarized  (Hall,  1964).  In 
scanning  from  the  nadir  to  the  horizon  Clark  and  Frank  (1963)  observed  a 
decrease  in  the  apparent  radiometric  temperatures  of  the  sea.  Hall  (1964) 
used  a theoretical  analysis  based  on  Fresnel's  equations  to  show  that 
decrease  is  caused  by  the  emitted  radiation  from  a calm  sea  being  polarized. 
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Because  the  emission  of  polarized  radiation  has  been  established,  there 
arises  the  question  as  to  whether  surface  roughness  (such  as  sea  state)  can 
affect  the  polarization.  Roughness  of  solid  surfaces  was  found  to  decrease 
polarization  (Sandus,  1965).  Thus,  the  polarization  of  the  emitted  infrared 
radiation  would  be  expected  to  decrease  with  sea  surface  roughness  (wind  waves 

or  foam) . 


We  first  consider  the  emitted  polarized  radiation  from  the  sea,  and  then 
consider  the  effect  of  polarized  reflected  infrared  sky  radiation  reflected 
from  the  sea. 


A theoretical  investigation  has  been  conducted  of  the  effect  of  crosswind 
speed  (causing  waves)  on  the  polarization-  of  Infrared  light  emitted  by  the  sea 
(Basener  and  McCoyd,  1967).  The  results  of  their  analyses  are  presented  in 
Figs.  1 and  2,  for  12. 6 urn  and  8. Sum,  which  are  chosen  above  and  below  the 
maximum  infrared  emission  wavelength  of  lOum.  These  wavelengths  were  selected 
to  illustrate  the  effect  of  a variation  in  absorption  coefficient.  The  polar- 
ization increased  with  nadir  angle  and  absorption,  but  decreased  with  wind 
speed.  Since  wind  speed  is  related  to  wave  height  for  a given  fetch  (Fig.  3) , 
wave  height  is  related  to  the  polarization  of  the  sea's  emitted  radiation. 

The  basis  of  the  polarization  effect  of  the  emitted  radiation  from  the 
sea  can  be  understood  by  referring  to  Fig.  4.  These  curves  present  typical 
results  of  a theoretical  investigation  by  Hall  (1964)  for  the  parallel  and 
perpendicular  components  of  I2.6u.m  emitted  radiation  as  a function  of  emission 
angles  These  curves  are  calculated  using  the  optical  complex  Index  of  refrac- 
tion  of  water  at  I2.6um.  The  published  values  of  the  infrared  optical  complex 
Indices  of  refraction  are  similar  between  authors  (Irvine  and  Pollack  (1968); 
Kislovskil  (1959)).  The  values  used  in  the  present  calculations  are  close  to 
those  published.  At  normal  viewing,  the  apparent  emission  temperature  for 
both  the  parallel  and  perpendicular  components  of  emitted  radiation  is  about 
270°K.  The  actual  sea  temperature  (Tw)  is  assumed  to  be  280  K and  the  air 
above  it  (Ts)  at  290°K.  (The  parallel  and  perpendicular  components  refer  to 
the  direction  of  vibration  of  the  electric  vector  relative  to  the  plane  formed 
by  the  emitted  ray  direction  and  the  nadir.)  The  percent  polarization  is 
given  by  the  relation; 


7.  Polarization  « 100  x (E^  - E^)/(E^  ^ 

where'  E - Intensity  of  the  parallel  component  of  emitted 

• infrared  radiation 

E - Intensity  of  the  perpendicular  component  of 
emitted  Infrared  radiation 

At  12.6  micrometers  wavelength,  the  percent  polarization  shown  in  Flgi^  1 
may  be  calculated  from  the  curves  of  Fig.  4 for  smooth  water.  (The  negative 
sign  for  polarization  signifies  that  the  dominant  electromagnetic  wave  vibra- 
tion is  parallel  to  a plane  defined  by  the  emitted  ray  and  the  surface  normal.) 

A water  wave  can  be  modeled  as  shown  on  the  inset  of  Fig.  4 using  small 
facets  on  the  wave  tilted  at  various  angles  to  the  viewing  direction.  These 
Individual  facets  still  emit  polarized  radiation  relative  to  their  local  normal 
in  accordance  with  the  curves  of  Fig.  2.  However  the  projected  area  of  these 
facets  is  such  as  to  emphasize  the  lower  local  nadir  angles.  In  effect  the 
the  curves  of  Fig.  4 are  displaced  to  the  right,  shown  qualitatively  as  the 
dashed  curves,  decreasing  the  percent  polarization.  An  exact  representation 


depends  upon  the  model  of  the  facet  distribution.  The  results  of  using  the 
Cox  and  Munk  (195A)  crosswind  wave  distribution  are  as  shown  in  Figs.  1 and  2. 
For  upwind  or  downwind,  there  is  a small  difference  in  the  probability  distri- 
butions of  the  water  waves,  and  the  crosswind  components  are  generally  smaller 
than  the  upwind  mean  square  slope  cotnponents.  This,  if  an  upwind  wave  distri- 
bution were  used  to  calculate  Figs.  1 and  2,  a greater  depolarization  would  be 
expected  for  the  same  corresponding  wind  velocities. 

When  foam  occurs,  the  brightness  temperature  of  the  perpendicular  and 
parallel  components  is  equal  and  independent  of  viewing  angle  (Fig.  4). 

As  a prelude  to  describing  the  effect  of  reflected  infrared  sky  radiation 
from  the  sea, there  will  be  a reflected  parallel  component  ot  infrared  radiation 
from  the  water  shown  in  Fig.  4.  The  amount  of  reflected  radiation  will  depend 
upon  how  high  the  sky  ten^erature  is.  The  reflected  radiation  will  generally 
contribute  to  both  the  parallel  and  perpendicular  emitted  components,  with  the 
perpendicular  component  contribution  dominating.  This  will  result  in  positive 
polarization  of  the  emitted  radiation,  from  reflection. 

We  again  may  use  the  results  of  Hall  (1964)  to  calculate  the  polarized 
components  of  reflected  infrared  radiation  from  the  sea  at  12.6u,m,  for  instance. 
The  results  are  presented  in  Fig.  5 as  a function  of  reflection  angle  (equals 
the  incidence  angle)  for  the  two  components  in  terms  of  the  components  shown  on 
fig.  The  intensities  are  normalized  in  order  to  show  relative  effects.  The 
calculated  percent  polarization  by  using  Fig.  5 is  presented  in  Fig.  6 for 
smooth  water;  the  polarization  is  seen  to  be  positive  with  a peak  of  94.4%  at 
the  Brewster  angle  (53°) . 

When  waves  perturb  the  surface  of  the  water,  the  percent  polarization  will 
Increase  for  emission  angles  above  the  Brewster  angle  (the  amount  of  increase 
will  depend  upon  the  emission  angle  and  the  wave  height).  However,  below  and 
at  the  Brewster  angle,  the  polarization  will  decrease.  The  approximate  effect 
of  surface  roughness  from  waves  is  schematically  shown  as  the  dashed  curve  in 
Fig.  6. 

A similar  polarization  curve  occurs  (Fig.  7,  solid  curve)  at  8.5  micro- 
meters wavelength  where  the  water  is  much  less  absorbing  (i.e.  the  optical 
complex  index  of  refraction  is  1.28-10.051).  Now,  because  of  the  low  absorp- 
tion, the  peak  polarization  is  almost  1007.  at  53°.  Here  the  effect  of  surface 
roughness  from  waves  is  schematically  shown  as  the  dashed  curve. 

At  the  Brewster  angle,  and  at  larger  angles, the  sea  surface  strongly  re- 
flects the  sky  radiation,  which  in  general  may  be  at  a temperature  different 
from  the  sea.  When  the  sky  temperature  is  greater  than  the  sea  (as  when  an 
aerosol  layer  exists),  the  magnitude  of  the  reflected  perpendicular  component 
will  Increase  (Fig.  4X  and  decrease  the  polarization  at  the  Brewster  angle. 

When  the  water  is  more  absorbing,  perhaps  because  of  pollutants,  the  surface 
reflection  is  greater,  producing  stronger  positive  polarization.  Thus,  we  see 
that  the  polarized  Infrared  emitted  radiation  from  the  sea  is  dependent  upon 
the  sea's  emitted  as  well  as  reflected  infrared  radiation.  The  disentangling 
of  the  two  variables  requires  a knowledge  of  the  sky  infrared  background,  as  a 
function  of  elevation  angle  and  azimuth,  as  well  as  the  measurement  of  the 
polarized  components  of  the  infrared  radiation  from  the  sea  as  a function  of 
azimuth  and  elevation  angle.  For  large  emission  angles,  the  polarization 
observed  on  a warm  summer  day  would  be  expected  to  be  positive  (Ts>Tw),  and 
the  percent  polarization  would  be  expected  to  increase  with  increase  in  wave 
height.  However  on  a cold,  clear  winter  day  (Ts  < Tw) , the  percent  polariza- 
tion near  the  Brewster  angle  would  be  expected  to  be  negative  with  a decrease 
from  increase  in  wave  height. 
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The  water  and  sky  temperatures  are  remotely  observed  using  the  brightness 
sensed  by  the  polarimeter  for  the  perpendicular  and  parallel  polarized  compo- 
nents, and  this  permits  disentangling  the  variables. 

A polarization  difference  of  i O.IZ  should  be  resolved  with  a good  polari- 
meter, and  depending  upon  observational  conditions,  wave  heights  of  at  least 
a few  centimeters  could  be  resolved.  Further,  the  transition  between  wave 
heights  whould  be  discerned  passively,  night  and  day.  There  is  no  requirement 
that  the  sea  waves  be  highly  correlated,  and  confused  seas  should  be  equally 
well  discerned.  ^ 


Solid  cloud  cover  will  not  be  penetrated  by  infrared  emission,  but  the 
long  wavelength  infrared  emission  is  highly  effective  in  penetrating  haze 
tecause  of  reduced  scattering,  although  this  is  to  some  extent  counterbalanced 
by  increased  emission  from  the  atmosphere.  The  infrared  polarimeter  approach 
to  vertical  incidence,  but  sensitivity  increases  with  increase 
of  viewing  angle  from  normal  incidence. 


INFRARED  POLARIMETER  SYSTEM 

The  present  optical  configuration  for  the  infrared  emission  polarimeter 
is  shown  in  Fig.  8,  the  actual  implementation  in  Figs.  9 and  10,  and  the 
associated  electronicc  block  diagram  in  Fig.  11.  The  entrance  optics  (Fig.  8) 
consists  of  a 39nm  diameter,  63  mm  focal  length  KRS-5  lens  that  passes  infrared 
radiation  between  1 and  40  micrometers  wavelengths,  followed  by  an  aperture  to 
restrict  the  acceptance  angle  to  1°.  Reflective  optics  are  generally  unde- 
sirable for  polariroeters  even  though  they  achieve  large  light  gathering  with 
a mimimim  of  emission  by  the  elements.  Reflective  optics  may  be  critical  in 
aitg^nt  because  most  optical  elements,  while  having  the  right  curvature,  may 
^t  have  their  center  of  symmetry  exactly  along  their  geometrical  centers. 

«iis  displacement  of  the  true  axis  can  cause  extraneous  polarization  to  be 
introduced  into  the  optical  system.  The  field  stop  (Fig.  8)  may  be  chosen  to 
limit  the  system  field  of  view  from  1 degree  to  1 minute  of  arc:  a one  degree 
Cl  1 j appropriate  for  most  low  altitude  observations;  a one  minute 

field  of  view  would  yield  a sea  level  resolution  element  of  about  200  meters 
for  a satellite  at  an  altitude  of  1000  km.  The  radiation  is  chopped  at  a fre- 
quency of  450  Hz  (nonmultiple  of  the  power  line  frequency)  to  minimize  inter- 
ference from  line  frequency  noise,  with  the  reference  being  the  reflected 
radiation  from  the  housing  by  the  gold  plated  rear  chopper  surface.  The 
polarization  analyzer  is  a wire  grid  rotating  at  a speed  of  6.9  Hz  (also  a 
nonsubmultiple  of  the  power  line  frequency).  All  lenses  are  KRS-5.  A 
specially  designed  multiposltional  cryostat  is  used  so  that  when  the  system 
is  flown  in  an  aircraft,  or  views  the  skj;  the  cryostat  will  maintain  the 
detectors  in  a cooled  condition.  The  interference  filter  in  association  with 
the  Si:As  detectoi;  determines  the  sensed  wavelength  and  bandwidth.  The  aper- 
ture stop  serves  to  limit  the  majority  of  the  rays  to  near  axial.  With  the 
use  of  large  field  stops,  this  is  necessary  for  proper  bandwidth  limitation 
on  the  interference  filters  and  for  effective  operation  of  the  polarization 
analyzer. 

The  optical  system  is  about  50  cm  long.  The  major  assemblies  can  be 
seen  in  Fig.  9,  corresponding  to  those  elements  indicated  in  Fig.  8. 

The  electronic  assembly  (seen  in  Fig.  10)  is  a straightforward  combina- 
tion of  readily  available  units  (Fig.  11).  The  infrared  signal  from  the  de 
tector  consists  of  an  intensity  signal  (450  Hz)  amplitude  modulated  by  the" 
polarization  component  at  6.9  Hz.  Phase  sensitive  detection  of  both  signal 
c^onents  is  accomplished  by  the  Princeton  Applied  Research  Model  124  and 
129  phase  sensitive  detectors.  The  low  pass  filter  in  the  PAR  124  detector 
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filters  out  the  A50  Hz  and  6.9  Hz  signals,  and  the  output  to  the  three- 
channel  Recorder  is  proportional  to  infrared  signal  radiance.  The  PAR 
Model  129  Phase/Vector  Lock-In  Amplifier  detects  the  polarization  vector  of 
the  signal  and  resolves  it  into  components  about  a reference  direction  (which 
may  be  recorded) . 

This  approach  has  the  advantage  of  determining  the  plane  of  polarization, 
when  it  is  not  apparent  from  geometrical  considerations.  It  is  not  antici- 
pated that  the  sea  would  have  significant  circular  polarization,  which  would 
require  another  modification. 

MEASUREMENTS  AND  DISCUSSION 

Initial  tests  of  the  system  at  Great  South  Bay,  Long  Island,  showed  that 
the  emitted  radiation  from  the  sea  Indeed  was  polarized,  and  that  the  polari- 
zation varied  with  wave  height  (and  wind  velocity).  The  chopper  was  at  sky 
temperature  (299°K.)  At  a nadir  angle  of  83.5°,  the  relative  polarization 
(chopper  temperature  reference)  was  +15X,  and  a wind  velocity  of  3 meters/ 
second  caused  the  relative  polarization  to  increase  to  +507i.  The  statistical 
variation  of  these  observations  was  of  the  order  of  +20\  -25%.  For  this 
condition,  the  radiation  reflected  from  the  sky  dominated  that  emitted  by  the 
sea  (i.e.  Figs.  5,  6 and  7).  At  angles  above  the  Brewster  angle  (i.e.  such 
as  83.5°),  the  polarization  would  be  positive  and  Increase  strongly  with 
increased  wave  height,  as  observed.  If  the  polarization  were  calculated  rela- 
tive to  the  true  zero  (i.e.  a zero  degree  K. reference) , the  percent  polariza- 
tion would  be  only  a fraction  of  a percent.  By  having  the  reference  (the 
chopper  blade)  near  the  temperature  of  the  sea,  the  measurement  of  polarization 
is  essentially  offset  from  zero,  and  the  relative  polarization  becomes  quite 
large . 

The  observations  at  Great  South  Bay,  Long  Island,  were  made  under  inter- 
mittent gusty  wind  conditions;  in  other  words,  capillary  waves  occurred  (with 
slopes  as  large  as  1 to  7) , and  these  would  decay  to  gravity  waves  of  lesser 
slopes.  The  more  steeply  sloping  capillary  waves  would  be  expected  to 
depolarize  more  strongly  than  gravity  waves,  but  this  remains  to  be  verified, 
along  with  the  detailed  effects  of  sea  surface  roughness,  direction  of  waves, 
angle  of  viewing  and  foam. 

An  Infrared  emission  polarlmeter  thus  appears  capable  of  resolving  and 
measuring  wave  roughness.  A comparison  is  now  made  to  other  approaches. 

Passive  microwave  radiometry  as  a means  for  sensing  the  ocean  surface  is 
discussed  by  Hollinger  (1971),  with  experimental  results  between  1.41  and 
19.34  GHz.  It  is  observed  that  the  microwave  brightness  temperature  of  the 
ocean  is  significantly  dependent  upon  the  surface  wind  field  which  causes 
ocean  surface  roughness;  this  ocean  surface  roughness  affects  the  horizontal 
polarization  of  the  emitted  radiation  at  larger  incidence  angles.  The  problem 
with  passive  microwave  radiometry  is  the  requirement  for  extremely  large 
antenna  arrays  for  high  spatial  resolution  from  space.  In  contrast,  polari- 
metrlc  radiometry,  in  the  Infrared, can  achieve  this  resolution  with  small 
entrance  apertures.  The  infrared  polarlmeter  is  related  to  microwave  radio- 
metry with  the  advantage  of  high  spatial  resolution,  but  with  the  disadvantage 
of  decreased  ability  to  penetrate  cloud  cover. 

The  use  of  radar  altimetry  to  measure  ocean  height  is  discussed  by 
Yaplee  et  al.  (1971).  They  describe  a one-nanosecond  (x-band)  radar  (which 
is  applicable  in  principle,  to  a fast  pulsed  laser);  the  reflected  pulse  is 
unfortunately  quite  broad,  and  has  a positive  time  shift  resulting  from 
increased  reflectivity  from  the  wave  troughs.  The  shift  is  negligible  for 
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wave  heights  below  2 feet,  but  can  cause  an  inaccuracy  equivalent  to  10  cm 
for  wave  heights  above  6 feet.  A major  problem  with  the  laser  and  microwave 
altimetry  systems  is  that  they  are  limited  to  the  area  directly  beneath  the 
sensor.  Other  problems  are  high  power  requirements,  large  microwave  antenna 
systems,  and  nonpenetration  of  cloud  cover  by  the  laser  reflection. 

The  radar  scatterometer  approach  described  by  Krishen  (1971)  Indicates 
that  at  13.3  GHz  the  backscatter  is  wind  dependent,  resulting  from  the  change 
in  small  scale  structure  of  the  sea.  However,  the  problems  of  antenna  size 
for  adequate  resolution  and  problems  in  achieving  a high  signal  to  noise 
ratio  from  space  make  this  approach  questionable. 

The  above  described  active  systems  have  a considerable  power,  size,  and 
data  handling  requirement  which  does  not  accrue  to  the  infrared  polarimeter. 

The  polarimeter  becomes  more  sensitive  at  large  nadir  angles,  whereas  the 
altimeters  exhibit  the  reverse  behavior. 

CONCLUSIONS 

The  principle  of  emitted  polarized  Infrared  radiation  being  related  to 
wave  height  has  been  demonstrated.  However  there  still  remains  an  extended 
verification  and  modeling  program  to  validate  the  observations  under  varying 
wave  conditions,  weather  conditions,  and  wind  conditions  as  a function  of 
emission  angle,  observational  direction  and  sensed  wavelength.  Initial 
measurements  should  be  made  from  a stable  platform,  such  as  an  oceanographic 
tower,  and  when  such  a program  is  completed,  the  system  may  be  adapted  to 
aircraft  or  satellites. 

Concurrently,  the  effect  of  sea  temperature,  salinity,  contaminants  and 
oil  slicks  would  be  investigated  as  well  as  the  sky  infrared  background. 
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ABSTRACT 


Multipolarized  scatterometer  sea  ice  measurements  at 
13.3  GHz  obtained  during  the  winter  and  spring  of  1975-76 
from  a number  of  flight  lines  off  the  east  coast  of  Canada 
were  analysed.  Radar  scattering  coefficients,  a®  were  cal- 
culated for  several  regions  of  sea  ice  as  interpreted  from 
aerial  photographs.  The  variation  in  o®  with  incidence 
angle  is  presented  for  HH  (Horizontal  transmit  - Horizontal 
receive)  and  HV  (Horizontal  transmit  - Vertical  receive) 
polarizations  for  the  various  ice  regions.  The  depolariza- 
tion ratio  ('^'uu/o'uv)  ^ function  of  incidence  angle  is 

also  given.  The  sea''ice  regions  studied  included  shorefast 
ice  with  varying  degrees  of  snow  cover  and  surface  roughness 
and  several  varieties  of  floating  sea  ice  with  different 
thicknesses . 


The  value  of  o®  for  relatively  thin  ice  can  vary  over 
a range  of  approximately  10  db  for  both  the  like  (HH)  and 
cross  (HV)  polarized  signals.  Further,  the  returns  for  shore- 
fast  ice  show  a larger  variation  of  approximately  20  db  and 
25  db  for  the  HH  and  HV  returns  respectively.  These  results 
indicate  clearly  the  difficulty  in  interpreting  or  correlating 
the  magnitude  of  the  backscattering  coefficient  with  ice  type 
or  thickness.  Nevertheless,  there  is  some  indication  that  radars 
operating  with  Incidence  angles  of  60®  or  less  will  acquire 
imagery  on  which  the  graytone  will  help  in  differentiating  ice 
types.  The  scattering  coefficient  data  also  shows  the  contrasts 
between  different  ice  regions  is  often  a few  db  greater  for  the 
HV  returns  than  for  the  HH  returns.  This  was  particularly  true 
for  the  shorefast  ice  studied.  A large  dynamic  range  (30-35  db) 
will  be  required  by  an  imaging  radar  operating  at  incidence 
angles  between  10®  and  60® 

INTRODUCTION 

Up  to  date  information  on  the  extent,  position,  thickness,  roughness  and 
break-up  characteristics  of  sea  ice  is  necessary  for  navigational  purposes  and 
climatological  forecasting  models.  The  need  to  repeatedly  map  large  areas 
covered  by  sea  ice  under  all  weather  conditions  during  day  or  night  makes  the 
use  of  airborne  or  spaceborne  radar  imagers  particularly  attractive. 

The  ability  of  radar  systems  to  discriminate  among  sea  ice  types  and  their 
thicknesses  has  been  studied  by,  amongst  others,  Anderson,  (1966) ;Rouse , (1969); 
Johnson  and  Farmer,  (1971);  Glushkov  and  Komarov,  (1971);  Ketchum  and  Tooma, 
(1973);  Parashar  et  al,  (197A);  Dunbar,  (1975)  and  Dunbar  and  Weeks,  (1976). 
Results  of  these  studies  show  the  need  for  an  improved  knowledge  and  under- 
standing of  the  nature  of  radar  returns  from  sea  ice.  For  example,  the  values 
for  and  relative  importance  of  various  electrical  (complex  permittivity)  and 
physical  (salinity,  temperature,  surface  roughness,  snow  cover,  subsurface 
structure  and  inhomogeneities)  properties  affecting  the  radar  return  from  sea 
ice  are  not  well  understood  at  present.  Information  on  optimum  dynamic  range, 
sensitivity  and  graytone  resolution  are  required  for  imaging  radar  design. 
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Understanding  the  effects  of  different  radar  operating  parameters  (frequency, 
polarization,  incidence  angle,  spatial  resolution)  is  important  both  for  radar 
design  and  sea  ice  interpretation  from  radar  images. 

Some  of  the  above  information  can  be  acquired  from  an  analysis  of  scatter- 
ometer  measurements.  A radar  scatterometer  is  a system  designed  to  measure  the 
radar  backscattering  coefficient  o“ (backscatter  cross  section  per  unit  illumin- 
ated area)  as  a function  of  incidence  angle  6 (measured  from  the  vertical). 

The  density  or  brightness  displayed  on  a radar  image  produced  for  example  by  a 
side  looking  airborne  radar  (SLAR)  depends  on  o®.  Radar  scatterometers  permit 
a more  quantitative  and  detailed  observation  of  radar  scattering  behavior  than 
radar  imagers  (Moore,  1966').  While  an  imaging  radar  can  be  made  to  operate 
with  fine  resolution  over  large  areas  from  both  spacecraft  and  aircraft  alti- 
tudes, a scatterometer  has  limited  ground  coverage.  The  main  objectives 
of  conducting  scatterometer  measurements  are  to  aid  in  the  determination  of 
parameters  required  for  a radar  imager  and  in  developing  interpretation  tech- 
niques for  radar  imagery.  The  purpose  of  this  paper  is  to  report  the  results 
of  scatterometer  measurements  over  shorefast  and  floating  sea  ice  conducted  at 
several  locations  off  the  east  coast  of  Canada. 

SCATTEROMETER  MEASUREMENTS  AND  GROUND  TRUTH  INFORMATION 

Radar  backscattering  measurements  were  made  with  a Ryan  Model  720  dual 
polarized  scatterometer  system  operating  at  13.3  GHz  frequency.  This  system 
can  transmit  either  horizontally  or  vertically  polarized  radiation  while  re- 
ceiving both  polarizations  from  an  illuminated  region  which  corresponds  to 
±60°  along  the  flight  line  and  3°  across- track.  Returns  from  different  inci- 
dence angles  6 are  separated  on  the  basis  of  doppler  shift  by  choosing  appro- 
priate bandpass  filters.  As  a result,  o°  vs  time  (distance)  plots  for  each 
angle  6 as  well  as  o°  vs  6 plots  for  individual  ground  resolution  cells  can  be 
obtained.  The  original  data  are  recorded  in  an  analogue  form  and  may  be  subse- 
quently digitized  and  processed  by  computer. 

The  system  was  flown  on  a DC-3  aircraft  belonging  to  CCRS.  An  RC-10  cam- 
era and  a Daedalus  infrared  line  scanner  were  also  used  during  each  mission; 
outputs  from  these  sensors  acted  primarily  as  "ground  truth"  information  for 
the  scatterometer  data  analysis  performed  in  this  study.  In-situ  measurements 
of  temperature,  salinity,  snow  cover,  and  thickness  of  shorefast  ice  were  also 
made  by  C-CORE  and  CCRS.  A detailed  analysis  of  the  thermal  infrared  data  and 
ground  truth  information  has  been  carried  out  by  C-CORE,  (Worsfold  et  al,  1977). 

The  scatterometer  data  were  obtained  from  a number  of  flight  lines  during  the 
winter  of  1975-76  off  the  east  coast  of  Canada.  The  description  of  different 
flight  lines  is  presented  in  TABLE  I. 

Airphoto  mosaics  for  the  flight  lines  were  visually  interpreted  to  delin- 
eate different  areas  of  sea  ice  by  considering  the  degree  of  snow  cover,  sur- 
face roughness,  thickness,  tone,  texture  and  age.  An  effort  was  made  to  fol- 
low the  existing  WMO  ice  nomenclature  and  terminology  (Dunbar,  1969)  in  identi- 
fying and  classifying  the  sea  ice.  However,  in  some  cases  it  was  found  diffi- 
cult to  specify  a precise  ice  type  or  category  and  it  was  decided  to  use  the 
term  "region"  in  describing  the  area  over  which  averaging  of  the  scatterometer 
data  was  performed.  The  "regions"  have  been  assigned  a name  and  described  as 
shown  in  TABLE  II. 


SCATTEROMETER  DATA  PROCESSING 

The  Ryan  720  scatterometer  uses  homodyne  detection  with  both  in-phase  and 
quadrature  channels  for  both  the  like-  and  cross-polarized  backscattered  sig- 
nals. These  channels  are  frequency  offset  and  combined  in  an  analogue  sign 

sense  network,  called  the  combiner  (Royer,  1975 ;Xhlgnesse , 1976)  which  separates 

fore  and  aft  returns  in  the  frequency  domain.  The  aft  returns  occupy  the  fre- 
quency range  below  10  KHz  and  the  fore  returns  are  shifted  up  in  frequency  above 

10  KHz.  The  two  output  signals  of  the  combiner  correspond  to  the  like-  and 

"ross-polarized  signals  and  are  recorded  on  a 3M  Mincom  Instrumentation  tape 
t'corder. 
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The  analogue  data  can  be  processed  as  such  or  subsequently  digitized  and 
processed  by  a digital  computer.  In  the  analogue  processing,  o'  for  each  in- 
cidence angle  is  obtained  by  passing  the  recorded  signal  through  an  appropriate 
bandpass  filter  centred  around  the  corresponding  doppler  frequency.  The  reso- 
lution cell  length  is  determined  by  the  bandwidth  of  the  filter.  The  width  or 
the  across-track  resolution  cell  length  for  both  analogue  and  digitally  pro- 
cessed data  is  limited  by  the  3'  antenna  beamwidth  and  varies  from  15  m.  at 
0 = 0®  to  about  30  m.  at  6 » 60'  for  an  altitude  of  300  m.  The  analogue  pro- 
cessing  provides  a quick  look  at  the  o'  time  history  plots  and  was  used  as  such 
in  the  preliminary  analysis.  It  also  provided  o'  vs  0 curves  for  the  Bay  of 
Chaleur  flight:  line  even  though  averaging  over  regions  could  be  done  only  visu- 
ally. 

A 12  bit  digitization  was  performed  for  digital  processing  at  a rate  of 
50  KHz  and  subsequent  digital  data  stored  on  computer  compatible  tape.  For  a 
digitization  rate  of  50  KHz,  the  time  record  length  T for  Fourier  transforma- 
tion was  fixed  at  0.25A7  seconds  which  corresponded  to  3 x 2*  data  samples. 

The  distance  VT  (about  15  m.  at  60  m./sec.  velocity)  traversed  by  the  air- 
craft at  velocity  V was  selected  as  the  basic  resolution  cell  length.  AL.  The 
±60'  instantaneous  antenna  footprint  was  divided  into  adjacent  resolution  cells 
of  constant  length  AL.  The  centre  angle  of  incidence,  centre  doppler  frequency 
and  doppler  bandwidth  for  each  of  above  resolution  cells  were  computed  by  con- 
sidering both  velocity  and  altitude.  The  digital  data  processing  consisted  of 
obtaining  doppler  frequency  spectrum  of  subsequent  record  lengths  T in  the 
flight  line  through  fast  Fourier  transformation,  o®  for  each  resolution  cell 
was  obtained  by  averaging  the  spectrum  within  the  bandwidth  centred  around  the 
corresponding  central  doppler  frequency,  o'  vs  0 for  each  resolution  cell  was 
obtained  by  time  shifting  the  results  from  each  successive  record  length  T as 
each  cell  was  viewed  at  different  time  at  each  incidence  angle.  To  reduce  the 
number  of  incidence  angles  (which  can  be  as  many  as  100  for  both  fore  and  aft) , 
o'  in  each  interval  of  10'(between  0'  and  10®.  10'  and  20®,  20'  and  30®.  30' 
and  40®,  40®  and  50®,  50®  and  60®)  was  averaged  and  the  mean  angle  was  associ- 
ated with  the  averaged  o®value.  This  resulted  in  six  incidence  angles  with 
more  data  samples  being  averaged  at  the  larger  incidence  angles  than  near 
nadir.  The  above  data  processing  procedure  utilized  all  of  the  relevant  dop- 
frequency  spectrum  thereby  maximizing  the  number  of  independent  samples 
averaged  in  each  resolution  cell.  The  details  of  the  data  processing  are  given 
by  Chan  and  Gray  (1977). 


The  errors  in  the  absolute  value  of  o'  can  be  attributed  mainly  to  an  im- 
precise knowledge  of  the  antenna  patterns.  Systematic  errors  of  up  to  2 db 
for  the  HH  and  approximately  3-4  db  for  the  HV  results  are  possible.  Smaller 
errors  ( < 1 db)  may  also  be  introduced  through  errors  in  aircraft  ground  speed 
and  altitude.  An  uncertainty  in  the  value  of  o'  is  also  present  because  of  the 
statistical  nature  of  the  returns.  However,  due  to  the  averaging  described 
above,  the  random  errors  from  this  source  are  also  small  (<  1 db) . 


SCATTEROMETER  DATA  ANALYSIS 


The  first  step  in  the  data  analysis  consisted  of  aligning  o'  time  history 
plots  (o'  vs  time  for  each  angle  0)  with  airphoto  mosaics  of  the  corresponding 
flight  lines.  Sea  ice  in  the  different  flight  lines  was  divided  into  different 
regions  as  described  above.  Scatterometer  data  corresponding  to  individual 
regions  were  Identified  and  o * vs  0 cur'/es  produced  for  each  region  by  taking 
an  average  over  the  corresponding  segments  of  ice.  Only  homogeneous  segments 
of  ice  were  considered  for  averaging  and  points  near  the  boundaries  were  de- 
leted. The  aft  scatterometer  measurements  were  analysed  and  the  results  pre- 
sented correspond  to  HH  and  HV  polarizations.  The  effects  of  antenna  pattern 
errors  are  evident  in  the  presented  o'  vs  6 curves  for  HV  polarization  at  high 
Incidence  angles.  However,  the  differences  between  scattering  coefficients  for 
different  regions  are  independent  of  possible  antenna  pattern  errors  at  any  in- 
cidence angle. 
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Results  for  Forteau  Bay 

Sea  ice  In  this  flight  line  consisted  predominantly  of  different  varieties 
of  shorefast  ice  and  rafted  young  ice.  Radar  scattering  coefficient  o®  as  a 
function  of  incidence  angle  8 for  the  different  ice  regions  is  shown  in  Figure 

2 for  HH  polarization.  As  expected,  open  water  gives  maximum  return  at  near 
vertical  incidence  and  decreases  relatively  rapidly  with  increasing  angle.  On 
the  basis  of  the  aerial  photography,  new  ice  could  not  be  differentiated  from 
open  water  because  both  gave  a black  tone  on  the  air  photos.  However,  new  ice 
could  be  distinguished  on  the  scatterometer  time  history  plots  because  of  a 
significantly  lower  return  at  near  vertical  incidence  as  compared  to  open  water. 
There  was  some  drift  during  this  flight  line  and  it  is  possible  that  there 
could  be  a variable  mixture  of  open  water  and  new  ice  in  the  footprints  at  dif- 
ferent incidence  angles.  Unfortunately,  because  the  regions  of  new  ice  were 
not  visible  on  the  photography  there  is  some  doubt  about  the  validity  of  this 
curve  for  incidence  angles  greater  than  30®.  Rough  first  year  shorefast  ice 
gives  maximum  return  at  angles  greater  than  20®  followed  in  order  by  medium 
rough  and  smooth  first  year  shorefast  ice  regions.  Rafted  young  ice  gives  al- 
most the  same  value  of  o®  as  medium  rough  first  year  shorefast  ice  although  it 
is  clear  that  the  rafted  ice  is  thinner.  The  large  range  of  as  much  as  20  db 
in  radar  return  from  three  shorefast  regions  is  worth  noting.  It  is  difficult 
to  attribute  this  range  only  to  the  visible  changes  in  the  surface  features; 
the  variability  of  snow  cover  and  subsurface  structure  could  also  contribute 

to  the  differences  in  backscatter.  The  number  of  resolution  cells  averaged 
varied  from  a minimum  of  9 for  open  water  to  a maximum  of  117  for  medium  rough 
first  year  shorefast  ice  region.  The  standard  deviation  varied  from  less  than 
1 db  to  2 db. 

Backscattering  coefficient  o®  vs  8 for  HV  polarization  is  shown  in  Figure 

3 for  corresponding  ice  regions.  The  order  of  return  from  various  ice  regions 
is  similar  to  that  for  HH.  It  appears  that  the  separation  between  various 
regions  is  slightly  more  for  HV  than  for  HH.  The  HV  curves  are  flatter  when 
compared  to  HH  curves.  Figure  4 shows  depolarization  ratio  (o'uu/o'uw)  vs  8 
for  the  same  ice  regions.  Separation  between  the  various  regions  is"at  maximum 
between  10®  and  30®  and  decreases  for  the  larger  incidence  angles. 

Notre  Dame  Line  1 

The  sea  ice  in  this  flight  line  consisted  predominantly  of  thin  ice  such 
as  nilas  and  pancake  ice.  Figure  5 shows  o®  vs  8 for  HH  polarization  corres- 
ponding to  the  various  ice  regions.  Wave  structure  in  the  open  water  region 
could  be  seen  (Figure  la).  This  suggested  that  the  water  surface  was  rougher 
because  of  wind  as  compared  to  the  smoother  water  surface  in  the  Forteau  Bay 
flight  line.  A comparison  of  the 'Wter" curves  for  the  two  lines  shows  that 
the  results  for  this  line  are  approximately  5 db  higher  than  the  Forteau  Bay 
line  at  the  larger  incidence  angles,  thus  confirming  the  relative  roughness  of 
the  water  surface.  The  thicker  pancake  ice  gives  maximum  return  for  angles 
away  from  the  vertical  followed  by  thin  pancake  ice  and  rafted  nilas.  It  is 
interesting  to  note  that  in  this  case  rafted  nilas  produced  less  backscatter 
than  water  at  all  Incidence  angles.  The  large  range  in  radar  return  ( as  much 
as  15  db)  from  four  thin  ice  regions  appears  to  be  related  to  surface  roughness 
although  surface  temperature  and  salinity  may  be  significant.  The  number  of 
resolution  cells  averaged  varied  from  a minimum  of  41  for  the  thicker  pancake 
ice  to  a maximum  of  132  for  open  water.  Again,  the  value  of  standard  deviation 
varied  from  less  than  1 db  to  about  3 db. 

The  corresponding  o®vs  8 for  HV  polarization  are  shown  in  Figure  6.  Thick 
pancake  ice  still  gives  maximum  return  at  angles  away  from  the  vertical.  At 
higher  incidence  angles,  the  separation  between  open  water  and  thin  pancake  ice 
has  decreased.  Rafted  nilas  again  gives  the  minimum  return  at  all  angles.  De- 
polarization ratio  (<’*uu/°*HV^  ® corresponding  ice  regions  is  shown  in 

Figure  7.  The  separation  for  these  curves  between  the  ice  regions  is  greatest 
between  10®  and  3ff*T  The  order  of  magnitude  of  the  depolarization  ratio  from 
the  four  regions  changes  at  high  incidence  angles,  with  open  water  now  exhibit- 
ing the  minimum  value.  Also,  the  separation  among  the  other  three  ice  regions 
decreases  as  compared  to  that  at  approximately  20®. 
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Notre  Dame  Line  2 


This  flight  line  contained  two  ice  regions  of  relatively  thin  ice  and  a re- 
frozen shorefast  region.  Radar  scattering  coefficient  o°  vs  0 for  HH  polariza- 
tion is  shown  in  Figure  8.  The  open  water  region  was  uniformly  black  on  the 
aerial  photographs  and  gives  the  maximum  value  of  o®  at  near  vertical  incidence 
and  minimum  value  at  the  larger  incidence  angles.  The  maximum  backscatter  at 
incidence  angles  greater  than  25®  was  obtained  from  shorefast  ice  which  had  been 
broken  by  wave  action  but  had  subsequently  been  refrozen  into  the  shorefast  ice. 
The  large  range  of  o®  values  from  the  two  thin  ice  regions  again  should  be  noted 
The  number  of  resolution  cells  varied  from  a minimum  of  18  for  rafted  nilas  to  a 
maximum  of  187  for  the  refrozen  shorefast  ice.  The  standard  deviation  varied 
from  less  than  1 db  to  about  2 db. 

The  o®  vs  6 for  HV  polarization  is  shown  in  Figure  9.  The  order  of  return 
for  various  regions  is  the  same  as  in  Figure  8.  The  results  Indicate  that  sepa- 
ration among  the  regions  is  greater  for  HV  than  for  HH  polarization.  Depolari- 
zation ratio  as  a function  of  6 is  shown  in  Figure  10  and  again,  the  separation 
among  various  ice  regions  is  more  between  10®  and  30®  decreasing  at  larger  inci- 
dence angles. 

Northumberland  Strait 

Curves  of  the  backscattering  coefficient  o®  vs  0 for  HH  polarization  cor- 
responding to  various  ice  regions  in  this  flight  line  are  given  in  Figure  11. 
Open  water  in  this  flight  line  appeared  black  on  the  air  photos.  The  rafted 
nilas  region  gives  the  lowest  return  at  all  angles  except  at  the  largest  inci- 
dence angle  where  its  return  is  comparable  to  that  from  open  water.  For  inci- 
dence angles  greater  than  30® , maximum  return  is  given  by  consolidated  brash 
ice  followed  in  order  by  heavily  rafted  nilas  and  rafted  young  ice  regions. 

The  number  of  resolution  cells  averaged  varied  from  5 for  thin  first  year  ice 
to  9 for  rafted  nilas.  The  value  of  standard  deviation  varied  from  less  than 
1 db  to  about  2 db. 

The  corresponding  o®  vs  0 curves  for  HV  polarization  are  shown  in  Figure 
12.  The  order  of  return  from  various  regions  remains  almost  the  same  as  for 
HH  but  separation  between  the  regions  is  slightly  greater  than  that  for  HH. 
Rafted  nilas  now  gives  minimum  value  at  all  angles.  Depolarization  ratio  vs  0 
for  the  various  ice  regions  is  shown  in  Figure  13  and  shows  a similar  pattern 
to  the  other  depolarization  results. 

Bay  of  Chaleur 

Scatterometer  data  for  this  flight  line  were  not  digitized.  Results  pre- 
sented in  Figure  14  were  obtained  from  analogue  data  by  visually  averaging  over 
homogeneous  regions.  These  are  presented  only  to  show  the  relative  return  from 
various  ice  regions.  The  values  of  o®  could  be  in  error  in  respect  to  the  dig- 
itally produced  o®  vs  0 plots  because  different  averaging  has  been  performed. 
Rough  shorefast  ice  gives  more  return  than  smooth  shorefast  ice  at  all  the  ang- 
les for  both  HH  and  HV  polarizaiton  and  the  difference  between  the  two  regions 
is  significantly  greater  for  the  HV  results  in  comparison  to  the  HH  results. 


DISCUSSION  AN.3  CONCLUSIONS 

A comparison  of  the  results  obtained  from  the  different  flight  lines  shows 
that  the  returns  from  similar  ice  regions  are  comparable  and  appear  to  be  con- 
sistent.  Differences  were  observed  among  the  scattering  curves  obtained  on  the 
different  flight  lines  for  open  water;  however  these  undoubtedly  were  related 
to  the  different  wind  speeds,  sea  states  and  the  wave  damping  effect  of  the  ad- 
jacent ice  cover.  The  effect  of  the  ice  in  damping  wave  motion  close  to  the 
ice  could  be  seen  in  some  of  the  photography  for  the  Northumberland  Strait  line 
and  also  in  some  of  the  scatterometer  results.  The  general  shape  of  the  o®  vs 
6 curves  for  the  different  ice  regions  remains  similar  except  for  the  results 
obtained  from  the  Northumberland  Strait  line  which  have  a slightly  smaller  slope 
particularly  between  15®  and  45®.  The  reason  for  this  is  unknown.  In  some 
cases  the  return  at  55®  is  greater  than  that  obtained  at  45*  which  probably  rep- 
resents a systematic  error  arising  from  imperfect  antenna  pattern  corrections. 

*’®l8iively  low  value  for  the  depolarization  ratio  at  the  largest  incidence 
angle  could  also  be  due  to  the  antenna  pattern  errors. 
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Apart  from  the  returns  close  to  the  vertical  the  highest  backscatter  was 
observed  from  rough  shorefast  ice  although  some  smooth  shorefast  ice  showed 
returns  lower  than  those  obtained  from  much  thinner  ice,  e.g.,  pancake  ice  and 
rafted  young  ice.  The  variations  in  the  radar  backscatter  from  shorefast  ice 
could  be  due  to  the  nature,  salinity,  temperature,  etc.  of  the  snow  cover  as 
well  as  the  nature,  roughness,  etc.  of  the  ice  beneath  the  snow.  The  identifi- 
cation and  classification  of  sea  ice  types  on  radar  imagery  depends  on  floe  size, 
shape,  texture,  location  and  the  rafting  and  ridging  pattern.  The  results  pre- 
sented here  show  that  radar  imagery  gathered  at  Incidence  angles  comparable  to 
those  used  by  the  scatterometer  will  have  gray  scale  information  which  will, 
within  limits,  help  to  Identify  the  ice  type. 

The  difference  in  scattering  between  the  various  ice  regions  (which  is  in- 
dependent of  possible  antenna  pattern  errors)  normally  increases  slightly  as 
the  incident  angle  changes  from  5"  to  roughly  30®  and  is  approximately  constant 
for  values  greater  than  30®.  Also,  the  differences  in  scattering  values  or 
contrasts  between  the  various  ice  regions  at  any  particular  angle  have  been 
observed  in  most  cases  to  be  slightly  greater  in  the  HV  results  than  in  the 
like-polarized  HH  results.  For  example,  the  range  between  the  smallest  and 
largest  scattering  coefficients  at  45®  for  sea  ice  in  the  Northumberland  Strait 
line  was  approximately  13  db  for  the  HH  results  and  approximately  17  db  for  the 
HV  results.  Even  larger  contrasts  in  scattering  were  observed  over  regions  of 
shorefast  ice;  for  example,  the  difference  in  backscatter  at  45®  between  rough 
and  smooth  shorefast  ice  in  the  Bay  of  Chaleur  was  approximately  12  db  for  the 
HH  results  and  approximately  18  db  for  the  HV  results.  This  effect  is  similar 
to  changes  observed  by  Ramseier  et  al  (1975)  and  Gray  et  al  (1977)  in  the  back- 
scatter from  old  ice  and  smooth  first  year  ice  at  the  AIDJEX  site  in  the 
Beaufort  Sea.  The  plots  of  the  depolarization  ratio  also  can  be  used  to  fur- 
ther evaluate  the  extent  to  which  the  HV  cross-polarized  results  add  informa- 
tion to  that  obtained  from  the  HH  results.  It  is  evident  that  the  maximum  dif- 
ferences between  the  depolarization  ratios  for  the  different  ice  regions  occur 
at  approximately  10®  to  25®  but  drop  to  a few  db  at  incident  angles  greater 
than  approximately  40®.  Consequently,  although  there  will  be  additional  infor- 
mation in  the  combination  of  both  like-  and  cross-polarized  images  in  compari- 
son to  a like-polarized  image  alone,  both  will  appear  to  be  very  similar.  On 
the  basis  of  the  interpretation  of  dual  polarized  Westlnghouse  35  GHz  SLAR, 
Hengeveld  (1969)  observed  that  the  detail  of  surface  ice  features  appear  gener- 
ally sharper  on  the  cross-polarized  imagery  but  that  new  ice  forms  could  not  be 
identified  on  the  cross-polarized  Imagery.  The  possibility  exists  that  the 
lack  of  identification  of  the  new  ice  forms  represented  simply  the  inadequate 
dynamic  range  of  the  radar,  particularly  (as  was  the  case  in  some  of  this 
imagery)when  the  scene  included  an  appreciable  region  of  the  shoreline.  It 
is  interesting  to  note  that  the  angle  at  which  the  returns  from  open  water 
are  equal  to  those  from  individual  ice  regions  differs  for  the  like-  and  cross- 
polarized  channel.  Consequently,  a high  altitude  airborne  or  spaceborne  imag- 
ing radar  with  both  like-  and  cross-polarized  channels  may  differentiate  regions 
of  open  water  from  regions  of  smooth  ice  which  might  otherwise  not  be  possible 
with  a single  polarized  system.  It  should  be  emphasized  that  our  comments  re- 
lated to  the  capabilities  of  dual  polarized  radars  are  based  on  a limited  data 
set  and  more  research  on  this  question  is  necessary. 

Our  data  indicate  that  to  preserve  the  gray tone  information,  a large  dy- 
namic range  will  be  required  in  a itoaging  radar  in  order  to  avoid  saturation 
or  loss  of  signal  from  smooth  ice  or  open  water.  By  inspection  of  the  Foiteau 
Bay  results,  a dynamic  range  of  at  least  30  db  and  35  db  would  be  required  for 
the  HH  and  HV  channels  respectively  of  an  imaging  radar  operating  at  incidence 
angles  somewhere  between  30®  and  60®.  This  dynamic  range  is  probably  also  re- 
quired for  airborne  radars  operating  at  larger  incidence  angles. 
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TABLE  I.  DESCRIPTION  OF  FLIGHT  LINES 


Line 

Location 

Date 

Time 

From 

(GMT) 

To 

Forteau  Bay 

Forteau  Bay. 
Labrador 

13 

March 

1976 

16:28 

: 07 

16:30  : 16 

Notre  Dame 
Line  1 

Notre  Dame  Bay 

11 

March 

1976 

16:40 

: 50 

16:45  : 00 

Notre  Dame 
Line  2 

Notre  Dame  Bay 

11 

March 

1976 

17:01 

: 50 

17:03  : 40 

Bay  of  Chaleur 

Bay  of  Chaleur.  (Point 
Caplin). New  Brunswick 

1 

March 

1976 

18:10  ; 

00 

18  : 11:00 

Northumberland 

Strait 

Northumberland  Strait. 
Prince  Edward  Island 

15 

March 

1975 

14:58  : 

00 

14:62  : 00 

TABLE  II. 


Region  1: 
Region  2: 

Region  3: 
Region  4: 

Region  5: 

Region  6 ; 

Region  7: 
Region  8; 

Region  9; 

Region  10: 
Region  11: 


Open  Water  (Figure  la);  In  general,  it  appeared  very  dark  on  the 
,P*’?f°8raphs.  However,  wave  patterns  were  apparent  under 
suitable  illuminating  geometry  as  shown  in  Figure  la. 

SlteJ'^^  When^suironnH  distinguished  from  open 

V water,  it  could  be  identified  pro- 

oi^ble!*^  angles  of  illumination  and  wind  conditions  were^fav- 

Rafted  Nilas  (Figure  lb):  Unrafted  portions  gave  a dark  grey  tone 

whereas  rafted  portions  appeared  lighter.  cone. 

<^^8ure  Ic):  The  pancakes  were  not  as  fully  devel- 

Heavily  Rafted  Nilas  (Figure  Id);  This  ice  appeared  thicker  and 
raffJng  a^rrldflnj.  ^ frequent 

suft!jg’^?r?ce"!liL^*“’'®  occurred  in  large  plates  re- 

Thicker  Pancake  Ice  (Figure  If):  The  pancakes  were  well  developed. 

SicinuS^of'^ic^n  Refrozcn  ice  fragments  in  the 

vicinity  of  ice  floes  and  in  larger  openings  within  floating  ice. 

wit^var^Iw?  Sf’^cefast  Ice  (Figure  Ih)  : Apparently  smooth  ice 

TioJsfoli  et  ar°T97?r"  thickness  of  30  to  65  cm 

Medium  Rough  First  Year  Shorefast  Ice  IFicure  ► 

9.  but  with  prw..ur.  tlOp...  lo„  . fiTu"  Jhlc"5l™. 
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Refrozen  Shorefast  Ice  (Figure  Ik):  Large  fragments  of  ice  broken 
by  wave  action  but  now  frozen  together  and  again  forming  part  of 
the  shorefast  ice. 


Thin  First  Year  Ice:  An  isolated  ice  floe 

region  10. 


(a)  Region  1 


(e)  Region  6 


(f)  Ref»,ion  7 


Figure  1.  (continued  on  next  page)  Exivples 
of  aerial  photograph  of  .sea  ice  for 
various  regions. 


1 

(h)  Region  9 


(i)  Region  10 


0)  Region  11 


Figure  1. (coned) 


(k)  Region  12 


FjircM  MT.  iv%  J.l  (MI  m 


Miai  (•*  — 

(MV  I.  ca^lClUR  ^4%  uftU  • Mr  iS.I  fiMi  « 


^QMTUM  Mr  IVI  IS-I  Mi.iW 


f . 


} 

Vi 


“t — - 


w «• 
•NCMaci  mmA  m 


'*M  ).  >urnai«  id^tciUT  Mki  » <vrui  Mr.  is.l  Mt.  «r 


ORlGfN’AL  page  lb 
i*(XJH  QL’AUTY 


F:a«  •.  '^xuiiaTia  wt,ii  •*  <,  x a«a  • foruii  »>  ts.s  <w 


na,m  t.  xtritii*  cwicint  •'x  mu  a vtk  um  u«  i.  is.j  un.  m 


’!(M  i.  ’>otrEim  coDFidUT  a^x  MU  a «ni  'jh.  u«  i.  ii.)  mi. 


I r.  .tnuMotiji  MTig  ^ X MU  a «ik  mm  i:m  i.  ii.i  Wi 


s 


f*' 


wm  U«  2 >WICN  19/1  UJ  3Nt.  m 


T'' 

• \\\ 


«:«  il«  2 IMCN  1971  19.9  (*t.  MV 


SIFMUEN  SMOKFaST  (ICilGi  U) 


MCAVILT  UFTEO  NILAS  (NCKlOi  S) 


RAfTO  NILAS  KifilQI  9) 


jfCN  MATEA  itesloa  1) 


SMOACFAST  (KE6IOI  U) 


«>.^.mUvilv  wro  NILAS  'AEOiaa  5) 


.NAFTQ)  NIlAS  A(610N  9) 


. .'PIN  MATE!  NEGIM  1> 


3 « to  ID  «0 

>«CmiKI  AMNCK  (•>  - 


:.«i  I.  sc»iit««  cotfnciwi  /.«  otu  e nom  out  li*  j.  u.3  sbj.  « 


j.  cawicun  /.i  ami  ■ w’«t  :<m  ii«  i.  im  »i.  * 


SIWII  WKn  w 1!  ) »i.  • 


«•«{  :m.  l;«  2 mku  im  u.)  iw  a" 


\\ 


-,TMIN  fy  15> 

— ,:yBa.:WkTD  INASM  *161jn  n 
\ .^-^-EAVlLf  NIlAS  NUION  9> 

\ — -.M#TEJ  'XNS  Its:*  A> 


^OPCN  NATEA  >NC(IQA  0 
CmCAvILT  AAfTEI  NILAS  (ACSIOt  9) 
’UFtES  NILAS  NESIQi  91 

--NIFN02U  'iHOIIFASr  fAESIOR  12) 


M M «• 
«C>ON*iet  *M«Lt  («l  - 


f :i*oiAA!:Arir«  AATio  A«a  e notnc  jm  u«  2.  ii.9  &mi 


•AFTQ  ailas  mum  9) 
'^.pfNiA’EA  #Ei:ai  1) 


a >CAntA:NA  COCWtCIENT  / n A*U  e N0*’-lA«A^*«  S^NAI^-  U'J 


I 


ORIGINAIi  PAGE  lb 
OF  POOH  QGAEITY 


«C«CIICC  *MLC  » 

FijbiK  12-  iCArreRi««  :o(FMc:eiiT  /«« ««ue  wrMoit(»uiit  stimit.  is.)  3ni. 


«ji:h(ji«ciliu0  srwiT  WKH  IV$  J.S  Ml 


''■'w  \ •ijis  «c&:mi  I) 

\|€MIIT  MfTQ  lUAS  S> 


OttfrcD  n^lQM  i) 

v^:- :;)ATn  IMSM  (IC&llil) 

\.*\nfy  iu:*  *1) 

' -n  K*T{|l  K6I3I  l) 


<«C«CNCf  **4kC 


'H,m.  13.  :iP>m»\i*v.»  umo  •f_»*  y»  w6U  e stmit  is.s  mi 


3AV  jF  cMUji.  ^)in  atfim  ■vkm  dti  u-I  mi.  •«  «w  «w 
^aM  3ATA  MaiSSINt 


;»i«c  i».  ^r'EiiK  :xFFicioir  /»«  Mbiio  w y mcut.  is  s mi.  hn 


1 


T^78-T4515 


AN  OPERATIONAL,  MULTISTATE,  EARTH  OBSERVATION  DATA 
MANAGEMENT  SYSTEM 


Lester  F.  Eastwood,  Jr. 
Christopher  T.  Hill 
Robert  P.  Morgan 
John  Kenneth  Gohagan 


Timothy  R.  Hays 
Richard  J.  Ballard 
Gregory  G.  Crnkovich 
Mark  A.  Schaeffer 


Center  for  Development  Technology 
Box  1106,  Washington  University 
St.  Louis,  Missouri  63130 

ABSTRACT 

The  purpose  of  this  paper  is  to  inves- 
tigate a group  of  potential  users  of  satellite 
remotely  sensed  data  — state,  local,  and 
regional  agencies  involved  in  natural  resources 
management.  We  assess  this  group’s  needs  in 
five  statet  and  outline  alternative  data  manage- 
ment systems  to  serve  some  of  those  needs.  We 
conclude  that  an  operational  Earth  Observation 
Data  Management  System  (EODMS)  will  be  of  most 
use  to  these  user  agencies  if  it  provides  a 
full  range  of  information  services  — from  raw 
data  acquisition  to  interpretation  and  dis- 
semination of  final  information  products. 


1.  INTRODUCTION  AND  SUMMARY  OF  RESULTS 

This  paper  reports  a two  and  one  half-year  investigation  of  Earth  Observa- 
tion Data  Management  Systems  (EODMS)  to  meet  information  needs  of  state,  re- 
gional, and  local  agency  users  in  a five  state  midwestern  region;  Illinois, 
Iowa,  Minnesota,  Missouri,  and  Wisconsin. 

The  major  contributions  of  this  work  are:  i)  a comprehensive  data  needs 

analysis  of  state  and  local  users;  ii)  the  design  of  priority  information  pro- 
ducts that  serve  state  and  local  data  needs  and  are  derivable  using  remote 
sensing;  iii)  analyses  of  the  costs,  performance,  and  data  management  aspects 
of  alternative  processing  centers  to  produce  the  priority  products;  iv)  the 
examination  of  pertinent  policy  issues  in  the  development  of  Earth  Observation 
Data  Management  systems;  v)  the  elaboration  of  alternative  institutiona 
arrangements  for  operational  Earth  Observation  Data  Management  Systems. 

We  arrive  at  conclusions  and  recommendations  which  differ  substantially 
from  common  thinking  about  serving  state-level  users  of  remotely  sensed  data, 
we  conclude  that  an  operational  EODMS  will  be  of  most  use  to  state,  regional, 
and  local  agencies  if  it  provides  a full  range  of  information  services  from 
data  acquisition  and  preprocessing  to  interpretation  and  dissemination  of  final 
information  products.  There  is  a wide  gap  between  the  digital  format  in  “hich 
raw,  satellite-derived  information  is  presently  produced  by  the  federal  govern- 
ment, and  the  tabular  and  map  formats  in  which  natural  resources  information  i 
currently  of  most  use  to  states.  An  EODMS  which  stops  short  of  completely 
filling  this  gap  will  be  of  lesser  utility  than  a comprehensive  system.  M^i- 
vated  by  this  fact,  we  analyze  twenty-seven  broadly  useful  priority  informa 
tion  products  which  an  EODMS  might  produce  from  remotely  sensed  data. 

We  also  recommend  that  EODMS  provide  not  only  satellite-derived  informa- 
tion but  also  a wide  variety  of  natural  resources  information  obtained  from 
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satellite,  aircraft,  and  ground  survey  missions  '.s  well  as  a limited  amount  of 
socioeconomic  information  necessary  to  produce  lanu  'ise  and  related  products. 
Most  of  the  information  needs  we  identified  appear  to  ..  ^nuire  multiple  data 
sources.  In  evaluating  the  capability  of  satellite  data  to  c^rve  state  needs, 
we  found  that  the  proposed  LANDSAT  Follow-on  mission  promises  sxg;i^icant 
improvement  of  this  capability  as  compared  to  LANDSATs  1,  2,  and  C. 

We  believe  that  planning  and  management  of  an  EODMS  system  should  be  a 
joint  state  and  federal  responsibility,  structured  institutionally  in  one  of 
two  ways.  The  system  might  be  most  responsive  to  the  full  range  of  user  needs 
and  might  operate  most  efficiently  if  a new  federal  natural  resources  informa- 
tion agency  were  established  to  manage  it.  However,  if  creating  a new  agency 
appears  infeasible,  a system  which  evolves  from  cooperative  efforts  among 
existing  institutions  such  as  NASA,  USDA,  and  the  Department  of  the  Interior, 
should  receive  careful  consideration. 

In  considering  how  an  EODMS  might  be  structured,  we  find  most  attractive 
a regionally-centered  system  with  multidisciplinary  processing  centers  serving 
reasonable  balance  between  economies  from  shared  resources  on  the  one  hand,  and 
accountability  to  users,  familiarity  with  the  local  area,  and  product  accuracy 
on  the  other. 

These  conclusions  on  system  management  and  structure  result  from  our 
analysis  of  four  hypothetical  EODMS  operational  systems  alternatives  according 
to  criteria  including  system  capacity  and  economics,  resp>onsiveness , flexibi- 
lity, ease  of  implementation  and  interfacing,  and  impacts.  The  four  include 
two  similar  to  those  mentioned  above  as  well  as  a system  under  private  sector 
control  and  another  publically-controlled  system. 

We  have  analyzed  the  costs  and  performance  of  systems  to  produce  priority 
products  for  the  five  states.  We  estimate  that  a multidisciplinary,  satellite- 
based  processing  center  could  produce  the  twenty-seven  priority  information 
products  for  the  five  state  region  at  yearly  cost  of  about  $13M — including  all 
system  overhead.  Less  than  15%  of  this  cost  is  associated  with  satellite  data 
acquisition  and  computer  processing,  while  much  of  the  remainder  is  due  to  air- 
craft and  ground  survey  data  gathering  and  processing.  This  fact  implies  that 
improving  sensor  performance  to  reduce  ground  truth  requirements  might  have  a 
more  profound  effect  on  reducing  total  system  costs  than  would  development  of 
more  efficient  computer  processing  techniques. 

We  aluo  compare  the  cost-effectiveness  of  producing  the  priority  products 
for  the  five  states  using  computer  processing  of  satellite  data  of  LANDSAT 
Follow-on  specifications  with  traditional  processing  of  aircraft  data.  The 
satellite-based  techniques  cut  costs  by  about  a factor  of  four  and  reduce  the 
time  required  by  50  to  75%  while  retaining  sufficient  geometric  accuracy  to 
meet  user  requirements.  However,  the  price  paid  for  these  improvements  might 
be  a loss  of  a few  percentage  points  in  classification  accuracy. 

We  investigated  economies  due  to  resource  sharing  resulting  from  central- 
ized processing  in  a multistate,  multidisciplinary  center.  Sharing  resources 
among  disciplines  seems,  by  one  measure  of  comparison,  to  save  about  25%. 
Centralizing  processing  geographically  also  results  in  savings;  five  state 
centers  appear  to  cost  forty-five  percent  more  than  one  regional  center  serving 
our  area.  However,  centralizing  to  one  national  facility  apparently  saves  at 
most  another  five  or  ten  percent  while  risking  loss  of  contact  with  users. 

The  methodology  and  focus  of  this  study  set  it  apart  from  other  data  needs 
analyses  and  system  design  studies.  This  study  is  one  of  the  few  data  needs 
analyses  for  remote  sensing  whose  primary  concern  is  potential  users  in  state, 
regional  and  local  government.  Of  the  few  needs  analyses  done  for  this  group, 
this  is  the  only  one  whose  final  goal  is  to  outline  and  assess  system  alterna- 
tives to  serve  these  users. 

As  a system  design  study,  a distinctive  feature  of  this  project  is  our 
careful  adherence  to  a real-world,  rather  than  theoretical,  context  throughout. 
The  products  our  systems  are  designed  to  produce  can  serve  real  needs,  which 
exist  today  in  day-to-day  activities  in  the  agencies.  Furthermore,  our 
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..sue.  order  ro  hi,hU,ht  ,ee«io„e  wMcrev^Ee':'d“;i;„n:;Sr[l‘*id?:“!' 


2. 


2.1 


STATE  DATA  NEEDS  AND  PRIORITY  PRODUCTS 


aJ’’*  orelLf"?''^'^  and  PHILOSOPHY 

o^^he^r  ^"^°‘''!'°’'^°"''°"*^cuJrent^agenc^  ‘developed  a 

frequencrwU^^hicrtS^Ir;  performed  °Ld''tr  deci^on-mL'rngt'Jhe 

Identified  those  data  used  in  perfJ^mTng'soC^ifio  tasks. ^'we 

how  they  were  processed  and  from  what  soured  th«  their  characteristics, 

lities^®  ^t^tually  used  orrequiJed  t^m 

lities.  The  EODMS  team  worked  closelv  w<fh  ^ ^ ^ current  responsibi- 

management  and  development  of  renewable  and  responsible  for  the 

^rtation  planning  and  development  fJr  stttan^''''^- resources,  for  trans- 
environmental  protection.  We  organized  planning  and  for 

of  task  and  subtask  wherever  possible.  vities  of  agencies  into  categories 

priority,  it  t^uent ttSccurtnctthta  r.  *^ormation  including:  its 

initiating  it,  the  ageLy  tht  pett^s  t the^east  for 

and  with  what  data  the  task  was  Derform«>H  ' ^’‘tensive  information  on  how 
listed  the  data  types  uset  theitsou™’  heading,  Ue 

methods  applied.  We  also  Aoted  [imrctlttJnt’'’"^'  processing 

how  they  were  disseminated,  and  the  accuraev  products  produced  and 

cribing  each  task  in  this  manner  we  inv^M  ^^hieved.  m addition  to  des- 
in  decision  making,  noting  f inal 'usLt  denJf f the  role  of  the  task  outputs 
timeliness  required  for  decisions!  ' he  made,  and  accuracy  and 

of  agencies^wLe^i^^specifying‘^acceptIble"d^l®®®®-"^  "eods 

and  their  receipt  and  datraLuSef «gu!Jed  f^rdlta 

management  system!  ' ^-^P^^^tant  consi- 

tives  could  not  provide  the  Thus,  when  agency  reoresenf^. 

estimates  based  on  our  understandi^  ortheirnledi!'*' ' °“r  own 

study  reSion^wrinvestigated,‘^MiLouri%qLc^  °f  the 

tail.  Early  in  1975,  tL  Missouri  InJer^^  f studied  in  greatest  de- 

facilitated  our  work’bv  Incour*"^-  Natural  Re- 

by  Identifying  and  introducing  us  to  aaennv  ®"‘^°“raging  agency  cooperation  and 
effort  with  Missouri  agencies  culmiLtirin  f®P>^®=e"t«tives . This  cooperative 
3 ect  report.  Natural  Resources  Data  Pf^P^tation  of  an  EODMS  pro- 

which  we  complit^  in  oetTiK^K  ia->t  P^giiitgiients^im^^  Missouri  n> 

hensive  data  base  developed  for  an^of  compre- 

subsequently  used  it  as  a point  of'^deLrtur^  ^ «tudy  region  We 

in  the  other  four  states.  eparture  for  discussion  with  some  agencies 

2.2  PRIORITY  INFORMATION  PRODUCTS 

mation*^P^^5ltf an  EODMS °c'ou?l%rS;  f P--ity  infor- 

we  moved  from  a data  base  of  hundrenf  Iple  factors  shc.ped  our  thinkina  as 

used  information  products  to  a specification  needs  and  currently 

We  were  concerned  that  the  products  have  Priority  producL . 

sure  significant  demand  or  be  central  to  the  agencies  to  in- 

that  the  number  of  products  norSreicesslJe  least  one  agency, 

variety  of  technical  characteristL«  te  e represent  a sufficient 

requirements  for  EODMS  system  desian  ^ realistic  set  of  production 

significant  input  of  satLlUe  glt^ered  dafl!  * « 

base  of  Jser^JeeS  fo^Ltf  i terns “hicrfeaLb-?‘^^‘^^’'f®  screening  the  data 
remote  sensing  systems.  We  aggregated  th^  « could  be  acquired  by 

areas  to  highlight  their  comm^L^H^ies  aJi  diffSces'"  S%h^  application 

xiierences.  From  this  aggregated 
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list  of  seventy-eight  data  items  we  postulated  and  quantitatively  described  a 
set  of  priority  products.  Critique  by  our  state  agency  partners  then  com- 
pleted the  development  of  the  list  of  twenty-seven  products  which  we  ultimately 
used  in  EODMS  system  design  considerations. 

The  products  are:  Forest  Management  Map,  Agricultural  Management  Map, 

Level  I Land  Use  Maps,  Level  II  Land  Use  Maps  (small  and  large  scale  for  rural 
and  urban  areas,  respectively).  Vegetative  Cover  Type  Map,  Soil  Map,  Forest 
Stand  Maps,  Timber  Volume  Estimate  Table,  Fire  Measurement  Maps,  Water  Impound- 
ment Volume  Maps,  Lake  Trophic  Status  Map,  Recreation  Map,  Industrial  Map, 
Topographic  Map,  Slope  Maps,  Orthophotoquads,  Geologic  Maps  (rock  type). 
Structural  Geology  Map,  Surficial  Materials  Map,  Construction  Materials  Availa- 
bility, Flood  Prone  Areas  Map,  Flood  Inundation  Area  Map,  Eart)ien  Dam  Condi- 
tion Map,  Drainage  Basin  Maps,  Sinkhole  Location  Maps,  and  Basic  Imagery. 

As  a final  step,  we  characterized  each  product  quantitatively  as  shown  in 
Table  1 to  specify  the  amount  and  quality  of  the  products  our  hypothetical 
system  designs  would  have  to  produce. 

3.  REGIONAL  PROCESSING  CENTERS  TO  PRODUCE  THE 
PRIORITY  PRODUCTS:  COSTS  AND  PERFORMANCE 

This  section  deals  quantitatively  with  design  issues  for  systems  that 
produce  the  priority  products.  We  estimate  costs  and  performance  of  two  alter- 
native designs  for  a regional  processing  center  to  produce  these  information 
products  for  the  five  states.  One  of  the  two  designs  employs  computer  pro- 
cessing of  satellite  data,  while  the  other  uses  only  traditional  photointer- 
pretation of  aircraft  data. 

3 1 COST  AND  PERFORMANCE  ESTIMATES:  GOALS  AND  METHODS 

Performance  measures  of  interest  are  classification  accuracy  and  the  age  of 
information  when  it  reaches  the  user.  In  addition  we  estimate  costs  excluding 
development  charges  but  including  capital  costs  (equipment  and  buildings)  as 
well  as  operating  costs  (satellite,  aircraft,  and  ground  data  gathering,  auto- 
mated and  manual  interpretation,  cartography,  printing,  etc.).  With  these 
cost/performance  estimates  as  a basis,  we  assess  cost  effectiveness  of 
satellite-based  processing  (by  comparing  the  costs  and  performance  of  tlie 
satellite-  and  aircraft-based  systems)  and  the  cost  savings  possible  with 
resource  sharing. 

We  base  our  cost  and  performance  estimates  on  observed  data  where  possible. 
For  example,  we  use  documented  USGS  experience  (2)  to  estimate  costs  of  pro- 
ducing land  use  maps  by  photointerpretive  techniques.  Where  these  data  are 
available  and  applicable,  we  extrapolate  them  to  fit  the  conditions  that  would 
exist  in  a five-state  production  center. 

Extrapolation  fails,  however,  in  two  situations:  first,  when  production 

cost  and  performance  data  are  not  available  for  many  of  the  priority  product- 
(some  have  never  been  produced);  and  second,  when  the  change  from  a small, 
experimental  to  a large,  operational  system  changes  production  methods.  An 
example  of  the  latter  situation  occurs  when  the  change  requires  that  a faster 
computer  system  be  used  to  process  the  increased  data  load. 

To  analyze  products  for  which  no  data  were  available,  we  broke  their 
production  down  into  steps  on  which  we  have  cost  and  performance  data  from 
other  products.  As  an  illustration,  the  satellite  data  processing  and  multi- 
stage sampling  steps  involved  in  timber  volume  inventory  (on  which  we  have  de- 
tailed data)  correspond  to  those  that  might  be  used  in  lake  trophic  status 
mapping  (on  which  our  information  is  scanty).  References  (3,  4)  provide  more 
details. 

To  estimate  costs  of  large  computer  processing  systems,  we  developed  a the- 
oretical  method  for  analyzing  computer  processing  times  and  costs  for  informa- 
tion products  based  on  digital,  remotely  sensed  data  (3,  5).  The  method 
determines  processing  times  and  costs  as  functions  of  image  data  parameters 
(number  of  pixels  and  bands  per  pixel)  and  processing  variables  (number  of 
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classification  classes  and  iterations  required  to  achieve  acceptable  classifi- 
cation accuracy) . 


As  one  example  of  our  cost  analysis,  we  briefly  review  some  elements  of  the 
computer  system  costinq.  The  amount  of  diqital  data  processing  required  to 
produce  the  priority  products  from  satellite  data  determines  the  computer 
system  size  and  cost.  We  assume  that  only  satellite-derived  data  are  digitally 
processed;  that  is,  that  supporting  aircraft  and  ground  survey  information  do 
not  significantly  increase  the  digital  processing  load.  We  also  assume  that 
data  of  LANDSAT  Follow-on  specifications  are  used.  Finally  we  exploit  all 
possible  overlaps  in  processing  among  the  satellite-based  products. 

We  sought  a subset  of  the  menu  of  priority  products  which  contained  all  the 
satellite-derived  information  displayed  in  the  priority  products,  so  that  the 
other  products  can  be  derived  from  these  "fundamental"  ones  without  further 
processing  of  raw  satellite  data.  Thus  specifying  a list  of  "fundamental"  pro- 
ducts reduces  the  center 's  processing  task  to  a minimum. 

We  have  found  (3)  that  four  "fundamental"  products  display  all  classes  in 
sufficient  detail  and  with  sufficient  coverage  so  that  all  of  the  other 
priority  products  can  derive  their  satellite-based  information  from  these  four. 
These  products  are;  1)  Level  II  Land  Use  maps;  2)  Vegetative  Cover  Maps; 

3)  Timber  Density  Maps  (a  satellite-derivable  input  to  the  Timber  Volume  Esti- 
mate Table);  4)  Lake  Trophic  Status  Maps. 

The  yearly  processing  load  (that  is,  the  number  of  images  to  be  classified 
and  the  number  of  classes  into  which  each  image  must  be  classified) , is  deter- 
mined solely  by  the  four  "fundamental"  products.  Four  characteristics  of  each 
product  determine  processing  requirements:  1)  the  number  and  type  of  classes 

It  displays;  2)  the  area  it  covers;  3)  its  update  frequency;  4)  the  seasonal 
schedule  of  its  imagery  acquisition. 


Reference  (3)  uses  these  characteristics  to  calculate  the  yearly  center 
processing  load,  which  is  as  follows:  1.  Preprocessing;  reformat  99  images  in 

seven  bands,  geometrically  correct  99  images  in  four  bands,  and  overlay  bands 
equivalent  to  LANDSAT  1 and  2*s  bands  5 and  7 for  45  pairs  of  images. 

2.  Cluster  analyze  selected  portions  of  equivalent  of  four  bands  of  64  images. 

3.  Classify  (by  maximum  likelihood)  data  for  the  four  fundamental  products  as 
follows ; 


a. 

b. 

c. 

d. 

4. 


Land-II  Land  Use 
Vegetative  Cover  Map 
Timber  volume  Inventory 
Lake  Trophic  Status 


10%  of  9 images  into 

100%  of  45  images  into 

31%  of  9 images  into 

0.5%  of  45  images  into 


16  classes  (4  iterations) 

17  classes  (4  iterations) 
5 classes  (2  iterations) 
5 classes  (2  iterations) 


Carry  out  various  overhead  and  input/output  operations. 


Using  our  method  for  calculating  computer  processing  costs  and  times,  we 
determined  that  a CDC  7600  would  be  80  to  90%  utilized  in  accomplishing  the 
above  workload  on  LANDSAT  Follow-on  imagery.  This  choice  of  computer  system 
determines  a number  of  center  operating  coats:  computer  mainframe  and  peri- 

pheral devices,  computer  programmers  and  operators,  and  a share  of  building  and 
maintenance  costs. 


We  also  estimated  other  costs  for  the  aircraft-  and  satellite-based  centers. 
We  planned  and  costed  aircraft  and  ground  data  gathering  missions  (again  taking 
advantage  of  overlaps  among  products) , photointerpretation,  cartography,  and  so 
on.  We  also  estimated  capital  costs.  Table  2 presents  the  satellite  center 
results  (3).  In  this  table,  buildings  are  amortized  over  twenty  years  at  10%, 
and  equipment  over  five  years  at  10%  for  a system  lifetime  of  twenty  years. 
Computer  equipment  is  assumed  to  be  leased. 

3.2  DISCUSSION  OF  RESULTS 

In  general,  we  have  found  that  both  aircraft-based  sensing  methods  and 
satellite  data  processing  can  be  expensive,  but  multidisciplinary  processing 
for  resource  sharing  can  significantly  reduce  costs.  A centralized,  efficient- 
ly  sa t0l  1 i t6~bdsed  sysbBin  app0ars  to  b0  a cost  ©ff0ctiv0  way  of 
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More  specific  results  of  our 


3.2.1  UTILITY  OF  SATELLITE  DATA.  Many  of  the  priority  information  pro- 

ducts can  be  assembled  from  LANDSAT  data  with  current  or  "Follow-on"  specifica- 
tions. Of  the  twenty-seven  priority  products,  (a)  67%  can  employ  satellite 
data  of  30  m resolution  or  coarser  as  a useful  input.  (b)  All  of  the  24  map 
products  are  useful  at  a scale  of  1:24,000  or  smaller,  implying  a needed  geo- 
metric accuracy  of  + 12.7  m or  4/10  of  a 30  m LANDSAT  Follow-on  pixel,  a 

fractional  pixel  accuracy  right  at  the  current  state  of  the  art  of  geometric 
correction  systems.  (c)  89%  can  be  used  when  updated  annually  or  less  fre- 
quently, allowing  sufficient  time  for  all  computer  classification,  ground 
truthing,  photointerpretation,  compilation,  and  computer-aided  printing. 

3.2.2  DATA  PROCESSING  SYSTEM  CONSIDERATIONS.  We  believe  that  raw  satel- 

lite imagery  or  satellite  data  classified  into  41  ground  cover  classes  provides 
all  needed  satellite  input  to  priority  product  production.  In  almost  any  geo- 
graphic region,  prior  classification  into  seven  aggregate  classes  reduces  the 
number  of  classes  to  be  extracted  in  an  area  to  10.  All  but  one  of  the  satel- 
lite-based priority  products  can  apparently  be  derived  from  the  following 
seven  aggregates  of  the  41  "basic"  ground  cover  classes:  Urban/Industrial  (9 

classes).  Agricultural  (6  classes).  Forested  (5  tree  type  classes  and  5 density 
classes).  Other  Natural  Vegetation  (5  classes).  Water  (7  classes).  Non  Vege- 
tated, Non  Urban  (3  classes)  and  Other  (1  class) . A priori  )cnowledqe  of  ground 
truth  often  permits  separating  an  imaged  area  into  regions  ‘jct.  rd  on  seven 
aggregate  classes.  The  maximum  number  of  classes  which  muJt  extracted  from 
any  such  region  is  ten,  including  one  "other"  class.  The  priority  products  in 
final  form  are  based  on  further  refinements  of  the  satellite-derived  classes, 
which  must  be  done  manually  using  aircraft  data  and  ground  survey  information. 

Processing  the  required  yearly  satellite  data  load  for  the  priority  pro- 
ducts for  the  five  states  is  well  within  the  capability  of  current,  commer- 
cially available  third-generation  computers.  About  fifty-four  equivalent 
satellite  images  per  year  must  be  corrected  and  classified  into  one  or  another 
subset  of  the  41  basic  classes  to  produce  the  priority  products  for  the  five- 
state  region.  With  Follow-on  imagery  this  implies  a throughput  of  82%  utili- 
zation of  a CDC  7600. 

3.2.3  COST  EFFECTIVENESS  OF  SATELLITE-BASED  PRODUCTION  TECHNIQUES.  If 
LANDSAT  Follow-on  data  are  used,  satellite-based  production  of  the  priority 
products  is  cost  effective,  as  compared  with  aircraft  techniques.  The  $13M 
satellite  center  cost  (see  Table  2)  compares  to  a S48M  estimate  for  an 
aircraft-based  center  (3),  while  equivalent  accuracy  and  improved  timeliness 
can  probably  be  achieved  using  LANDSAT  Follow-on  data. 

We  estimate  that  within  an  operational  center  (with  its  normal  waits  for 
service)  the  information  on  the  priority  products  for  the  five  states  produced 
by  a photointerpretation-based  system  would  be  21  months  old,  on  the  average, 
when  it  arrives  at  user  agencies.  This  compares  with  an  estimated  average  age 
of  10  months  in  the  satellite-based  system,  a 52%  improvement.  In  addition, 
a limited  body  of  information  leads  us  to  expect  that  accuracies  of  both  loca- 
tion and  classification  for  the  satellite-based  system  will  approach  tjiose  of 
an  aircraft-based  system,  assuming  LANDSAT  Follow-on  data  are  used.  Finally, 
the  most  intensive  possible  use  of  satellite  data  and  computer  classification 
in  a multidisciplinary  regional  processing  center  cuts  cost  by  about  70%  over 
a system  which  does  not  use  these  techniques,  for  an  area  modeled  on  the  five 
state  region.  The  $13M  and  $48M  estimate  includes  all  computer  costs,  operator 
charges,  aircraft  and  ground  truth  missions,  photointerpretation,  compilation, 
cartography,  and  amortized  capital  costs  for  buildings  and  equipment.  These 
estimates  may  be  in  error  by  20%  or  more,  but  we  believe  that  their  relative 
magnitudes  are  correct,  since  the  same  assumptions  were  used  in  deriving  both 
figures. 

3.2.4  ECONOMIES  DUE  TO  RESOURCE  SHARING.  In  the  five-state  region,  cen- 
tralizing processing  from  five  state  centers  to  one  multistate  facility  results 
in  significant  cost  savings.  We  estimate  a total  cost  savings  of  45%.  Further 
centralization  in  one  national  facility  may  reduce  total  costs  by  only  another 


producing  the  "priority"  information  products. 
wor)c  are  described  in  the  text  to  follow. 
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five  to  ten  percent,  however.  This  savings  may  be  offset  by  reduced  user 
access  and  by  some  loss  in  interpretation  accuracy  due  to  lack  of  familiarity 
with  local  conditions. 


4.  ALTERNATIVE  INSTITUTIONAL  STRUCTURES  FOR  EODMS 


4.1  CRITERIA  FOR  EVALUATING  ALTERNATIVES  AND  SUMMARY  OF  RESULTS 

Four  major  institutional  alternatives  for  EODMS  were  constructed  by 
making  choices  among  the  following  key  system  characteristics:  1)  the  scope  or 

nature  of  the  system  data;  2)  the  character  of  the  centers  where  the  crucial 
function  of  interpretation  is  performed;  3)  the  distribution  of  functions  among 
the  national,  state,  and  regional  levels;  and  4)  the  institutional  mechanism 
under  which  the  overall  system  operates.  The  four  system  alternatives  are: 


System  A: 
System  B: 

System  C: 
System  D: 


An  Evolutionary  System  Based  Upon  Present  Institutions 
A Natural  Resources  Information  System  With  Interpretation  At  A 
National  Center 

A National  Data  System  With  Interpretation  at  Regional  Centers 
A System  Under  Private-Sector  Control. 


These  alternatives  were  evaluated  according  to  a set  of  criteria:  1)  Cap- 

acity and  Economics.  Is  the  system  likely  to  have  the  capacity  to  produce  all 
the  priority  products  with  the  required  timeliness  and  accuracy?  What  are  the 
economies  of  diseconomies  to  be  expected  from  each  system?  2)  Responsiveness 
and  Flexibility.  Will  the  system  be  sufficiently  responsive  to  users?  Can 
users  whose  data  needs  are  not  initially  well  defined  be  satisfied?  Can  all 
information  present  in  the  system  be  speedily  accessed  when  necessary?  Can 
the  system  satisfy  new  users  as  well  as  established  users?  will  the  system  be 
sufficiently  flexible  to;  provide  special  products  to  meet  one  time  or  irre- 
gular data  needs;  accommodate  improvements  in  the  technology  of  remote  sensing, 
data  processing  hardware  and  software;  adapt  to  changing  needs  for  information; 
and  evolve  towards  production  of  more  specialized  information  products  as  use 
increases?  3)  Interfacing . Will  the  EODMS  data  base  be  able  to  interface 
readily  with  external  systems?  Can  existing  information  systems  of  participat- 
ing agencies  be  incorporated  in  the  system?  Will  the  system  provide  output  in 
formats  desired  by  users?  4)  Implementation  and  Impacts.  What  are  the 
obstacles  to  implementing  each  model?  will  there  be  large  front-end  capital 
costs?  Will  agencies  resist  having  some  of  their  functions  pre-empted?  Will 
they  resist  assuming  additional  functions  or  reorganizing?  Will  there  be  pro- 
blems getting  sufficient  funding  for  the  system  to  plan  its  evolution  in  an 
orderly  way?  Are  legal  challenges  likely?  Is  a phased  implementation  more 
likely  to  succeed  than  one  involving  major  change?  Can  a go-ahead  decision  be 
made  before  potential  users  commit  themselves  to  full  participation?  What  are 
the  economic,  social  and  political  impacts  to  be  anticipated  for  each  alterna- 
tive? 


The  four  alternatives,  along  with  their  principal  characteristics  and  our 
evaluation  based  upon  the  aforementioned  criteria  are  summarized  in  Table  3. 

The  evaluation  is  subject  to  several  assumptions  and  constraints  described  in 
(3) . In  particular,  we  have  required  that  the  system  deliver  a broad  spectrum 
of  interpreted  information  products  to  state,  local  and  regional  public  sector 
users . 

4.2  MOST  ATTRACTIVE  SYSTEM  ALTERNATIVES  FOR  FUTURE  DETAILED 
SYNTHESIS,  DESIGN,  AND  ASSESSMENT 

Based  upon  our  analysis  of  the  four  system  alternatives,  we  conclude  that 
two  public  system  concepts  seem  promising  for  future  study.  The  first  is  a 
modified  System  A,  an  evolutionary  system  based  on  present  institutions  in 
which  an  interagency  council  involving  NASA,  USGS , USDA  and  other  federal 
agencies  pools  their  resources  to  delivery  priority  information  products  with  a 
minimum  of  duplication  to  state,  local  and  regional  users.  Although  the  struc- 
ture of  such  a system  would  seem  to  favor  what  we  have  described  as  "discipli- 
nary" (i.e.  existing  mission-oriented  agency)  approaches,  we  believe  it  impor- 
tant that  ways  be  found  to  involve  more  than  one  agency  in  the  operation  of 
processing  centers.  We  also  believe  that  a substantial  amount  of  activity 
should  be  carried  out  at  the  regional  or  large-state  level. 


The  second  promising  alternative,  a hybrid  of  System  B and  C,  involves  the 
crfjation  of  a natural  resources  information  system  with  processing  at  regional 
and  large-state  multidisciplinary  centers.  In  several  respects,  this  alterna- 
tive appears  the  most  attractive  to  us.  However,  it  requires  the  creation  of 
a new  government  agency,  perhaps  within  an  existing  department,  for  implemen- 
tation. We  believe  that  such  a step  may  yield  substantial  benefits  and  should 
receive  serious  consideration. 

We  do  not  believe  that  a system  under  private  sector  control.  System  D,  is 
likely  to  be  an  appropriate  mechanism  for  providing  the  services  to  state, 
local,  and  regional  agencies  which  have  been  the  central  focus  of  our  study. 
However,  we  do  believe  that  many  opportunities  for  private  sector  business  will 
be  created  by  developing  the  kind  of  public  sector  system  we  envision. 

5.  POLICY  ISSUES  IN  SYSTEM  DEVELOPMENT 


5.1  OVERVIEW 

The  development  of  an  operational  EODMS  is  contingent  upon  resolution  of  a 
complex  set  of  policy  issues,  which  can  only  be  outlined  briefly  in  this  paper. 
Policy  issues  are  those  questions  which  arise  that  must  be  decided  in  the  poli- 
tical process;  while  analysis  may  serve  to  illuminate  the  consequences  of  each 
decision,  the  issues  themselves  must  be  decided  among  contending  parties.  The 
resolution  of  these  policy  issues  will  serve  in  large  measure  to  determine  the 
nature  of  EODMS  as,  and  if,  it  develops. 

A number  of  the  issues  which  arise  require  resolution  by  the  Congress  and 
the  President  through  law  making  and  the  budget  process.  In  our  view  a frame- 
work does  not  now  exist  within  government  to  implement  EODMS  through  adminis- 
trative decision  alone,  whether  made  by  a single  agency  such  as  NASA,  USDA,  or 
DOI,  or  through  an  interagency  agreement  among  several  agencies.  This  view  is 
supported  by  two  points.  First,  Congress  and  the  President  approve  the  funds 
for  RiD  for  each  satellite  system  as  line  items  in  the  budget.  Second,  the 
kinds  of  systems  typified  by  EODMS  require  a number  of  agencies  to  adapt  and 
cooperate  at  a level  that  no  interagency  working  group  is  likely  to  acnieve. 

This  is  especially  true  in  view  of  the  fact  that  EODMS  would  replace  as  well 
as  augment  existing  agency  programs  for  mapping  and  information  provision. 

The  most  likely  outcome  of  a failure  to  act  on  the  part  of  Congress  and  the 
President  is  a de  facto  decision  not  to  implement  EODMS. 

In  the  remainder  of  this  section  we  discuss  selected  issues  which  have 
arisen  through  our  study  of  alternative  systems. 

5.2  SELECTED  POLICY  ISSUES:  A COMMENTARY 

Should  EODMS  be  developed?  The  EODMS  study  team  takes  no  position  on  this 
question.  At  minimum  any  kind  of  system  requires  a Congressional  and  Presiden- 
tial committment  to  continued  services  now  provided  by  NASA  and  the  USGS  EROS 
Data  Center,  including  continued  provision  of  current  resolution  MSS  data 
through  satellites  beyond  LANDSAT  I and  II.  To  implement  a full  range  of  ser- 
vices requires  coordinated  decision  making  by  federal,  state,  regional, 
and  local  agencies  which  would  include  anticipatory  and  participatory  planning 
by  all  parties  at  interest.  One  strong  argument  in  favor  of  EODMS  is  that 
state  and  local  agencies  face  a growing  range  of  federal  mandates  to  gather  and 
use  natural  resources  and  related  data  without  sufficient  additional  funding. 

A strong  federal  data  system  could  help  to  provide  the  necessary  data.  Cost/ 
benefit  analysis  will  be  of  limited  use  in  making  the  decision  regarding  im- 
plementation . 

What  roles  should  be  played  by  the  private  sector  in  EODMS?  We  describe 
four  systems  which  range  from  nearly  completely  public  to  nearly  completely 
private  in  ownership,  management,  and  operation.  We  are  highly  skeptical  of 
the  potential  of  private  sector  systems  to  meet  the  data  needs  of  state  and 
local  agencies  due  to  difficulties  in  market  aggregation  and  the  limited  re- 
sources of  individual  government  units.  Furthermore,  serious  political  ques- 
tions can  be  raised  regarding  the  propriety  of  restricting,  by  price,  free 
public  access  to  data  gathered  by  publicly  owned  satellite  systems.  Conversely, 
the  private  sector  may  be  able  to  respond  more  readily  to  specific  needs  of 
user  agencies  or  private  users. 
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What  roles  are  to  be  played  by  various  agencies  at  various  levels  of 
government?  For  a system  to  be  responsive  to  state  and  local  needs,  it  must 
include  participation  by  users  at  all  levels  and  in  all  affected  agencies.  At 
the  same  time,  state  and  local  governments  have  neither  the  technical  nor 
financial  resources  to  own  and  operate  their  own  systems,  so  a heavy  federal 
presence  is  necessary.  We  outline  in  the  previous  section  alternative  ways  in 
which  various  agencies  and  levels  might  work  together.  It  is  especially  impor- 
tant that  a federal  focus  of  responsibility  for  EOOMS  be  identified  in  the 
planning  stage. 

Who  will  pay,  and  how  much,  for  EODMS  products?  The  Freedom  of  Information 
Act  appears  to  limit  charges  for  EODMS  products  to  reproduction  and  handling 
charges.  Yet  someone  must  pay  for  the  initial  data  acquisition  and  product 
production.  Thus,  either  a federal  operating  subsidy  or  a special  act  to  esta- 
blish some  version  of  full  cost  recovery  charges  will  be  required. 

What  range  of  information  products,  technical  assistance,  and  services  will 
a system  provide?  We  envision  EODMS  producing  final  information  products  in 
user  format  on  a regular  basis,  as  well  as  raw  imagery  and  special  interpretive 
services.  Others  see  EODMS  providing  only  imagery,  or,  at  the  other  extreme, 
providing  resource  management  modeling  services  or,  ultimately,  decisions. 
Beyond  these  broad  issues  lie  questions  regarding  which  inputs  to  employ,  pro- 
ducts to  produce,  formats,  scales,  accuracy,  timeliness,  and  so  on.  Each  of 
these  issues  strikes  at  existing  interests  as  well  as  system  costs. 

What  will  be  the  relationship  of  EODMS  to  other  countries?  Current  U.S. 
policy  is  open  access  to  all  imagery  by  anyone  collected  anywhere.  This  policy 
is  not  universally  accepted,  and  it  may  not  be  adequate  if  higher  resolution, 
permanent  systems  are  installed.  Furthermore,  access  to  imagery  is  not  equi- 
valent to  effective  access  for  countries  with  limited  technical  capability. 
Finally,  reasonable  policies  for  cooperative  management  and  cost  sharing  will 
be  needed. 

What  unintended  side  effects  may  follow  from  EODMS  and  how  can  they  be 
managed?  EODMS  would  affect  a myriad  existing  relationships  within  government, 
and  the  rest  of  society.  For  example,  it  could  lead  to  further  centralization 
and  professionalization  of  state  and  local  government,  further  removing  the 
processes  of  government  from  effective  access  by  ordinary  citizens  and  small 
business.  Some  persons  have  expressed  concern  that  EODMS  may  represent  a 
further  threat  to  personal  privacy;  frequent  surveillance  from  space  may  lead 
to  further  erosion  of  the  "right  to  be  let  alone."  These  are  only  two  impacts 
among  many  identified  in  our  study;  to  date,  policy  makers  have  not  focused  on 
such  questions.  Indeed,  many  such  impacts  may  be  unavoidable  if  EODMS  is  put 
in  place. 
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TABLE  I.  PRODUCT  CHARACTERISTICS  FOR  FOUR  SELECTED  PRIORITY  PRODUCTS 


Product 

Product 

Scale 

Area  Covered 
by  One 
Product 

Area  Over 
Which  Product 
Required  in 
Five  States 

Categories 
Per  Product/ 
Relevant 
Categories 
Derivable  From 
Satellite  Data 

Prod uct 
Update 
Frequency 

Level  11 
Land  Use 
Map  A 

1:250,000 

19,490  km2 

entire  area 
835,530  km2 

28/28 

5 years 

Level  II 
Land  Use 
Map  B 

1:24,000 

155  km2 

urban  areas 
(<5%  of  total) 

16/16 

5 years 

Vegetative 
Cover  Type 
Map 

1 :24  ,000 
1:250,000 

155  km2 
19,490  km2 

I vegetative, 
non-urban 
areas  (85% 
of  total) 

20-30/15 

1 annual 

Soil  Map 

1:24,000 

155  km2 

selected  areas 

30/15 

20  years 

Timber 

Volume 

Estimate 

Table 

one  forest 
(varies) 

forested  areas 
(31%  of  total) 

5/5 

(density) 

5 years 

TABLE  II.  COSTS  OF  THE  SATELLITE  BASED  CENTER  SERVING  THE  FIVE-STATES 
1 . Fixed  Costs 

Capital  Costs  Buildings : 8100  ft^  0 $70/ft^ 

Landscape  and  Parking  » 8%  Bldg 


TC7AL  BLDGS 

Equipment 

Office  and  Administrative 
Photo  Interpretation  ($150K, 
each  PI) 

Cartographic  (SIOOK,  each 
cartographer) 

Reproduction  and  Primary  Print 
Equipment 
Photo  Processing 
Miscellaneous 

TOTAL  EQUIPMENT 

TOTAL  INITIAL  CAPITAL  INVESTMEt 
TOTAL  FIXED  COSTS 


Total  Costs 

Annual  Costs 

5,670,000 

450,000 

6,120,000 

184,000 

8,250,000 

1,000,000 

100,000 

100,000 

115,000 

9,750,000 

2,250,000 

15,900,000 

3,240,000 

TABLE  II. 


COSTS  OF  THE  SATELLITE  BASED  CENTER  (continued) 


2 . Operating  Expense 

Computing  Facilities 
CDC  7600  yearly  lease  cost 
I/O  devices  & bulk  memory 

Data  Act^uisition 
(Satellite  and”  Aircraft) 

Personnel 

55  photointerpreters  g $18K/ 
annum. 

10  photointerpreters  0 $15k/ 
annum. 

20  computer  programmer/ 
analyst  9 $18K 
70  ground  truth  surveyors  0 
$12. 5K 

13  administrators  @ S25K/ 
annum 

65  support  staff  9 $10K/annum 
16  specialists  @ $20K/annum 

Fringes  and  Expenses 

Printing  Costs 

Utilities  and  Misc.  Supplies 
(10%  Op.  Expen.) 

TOTAL  OPERATING  EXPENSES 
TOTAL  FIXED  COSTS  AND  OPERAIING 
EXPENSES 


Annual  Costs 

$ 532,000 

763.000 

1.150.000 

990.000 

150.000 

360.000 

875.000 

325.000 

650.000 

320.000 

825.000 

2.220.000 

917.000 
10,000,000 
13,300,000 


TABLE  III.  SUMMARY  OF  EODMS  SYSTEM  ALTERNATIVES 


Alternative  Key  System  Characteristics  Evaluation 


System  A: 

An  Evolutionary  System 
Based  on  Present 
Institutions 


Control ; Public  Sector 
Management ; Federal  In- 
teragency Council 
Configuration ; Process- 
ing  at  National  Dis- 
ciplinary Centers 
Scope  of  Data;  Princi- 
pally  Satellite  and 
High-Altitude  Air- 
craft Augemented  to 
Permit  Some  Priority 
Product  Production 
Principal  Variation  Con- 
sidered ; Some  State- 
LeveT  User  Centers 


Federal  Interagency  Council 
fits  current  government 
structure;  interagency 
arrangement  may  lack  co- 
hesion, responsiveness; 
national  disciplinary 
centers  may  prove  cost- 
inefficient;  state  pro- 
cessing variation  beyond 
means  of  most  states 


TABLE  III.  SUMMARY  OF  EODMS  SYSTEM  ALTERNATIVES  (continued) 


Alternative 


System  B: 

A Natural  Resources 
Information  System  with 
Interpretation  at  a 
National  Center 


System  C: 

A National  Data  System 
with  Interpretation  at 
Regional  Centers 


Key  System  Characteristics 


Control ; Public  Sector 
Management ; New  Federal 
Department  of  Natural 
Resources 

Configuration;  Process- 
ing at  National  Multi- 
disciplinary Centers 
Scope  of  Data:  All  Data 
Pertaining  to  Natural 
Resources  Management 
Principal  Variation  Con- 
sidered:  State  Branches 
of  National  System 
Perform  Some  Functions 


Control ; Public  Sector 
Management ; New  National 
Data  Agency 

Conf iguratior ; Process- 
ing at  Regional  Multi- 
disciplinary Centers 
Scope  of  Data;  System  B 
plus  Socioeconomic  Data 
Principal  Variations  Con- 
sidereoTl  TT  Some  State- 
Level  Processing 
2.  Federal  Interagency 
Management 


Evaluation 


Federal  Natural  Resources 
Agency  provides  suitable 
focus  for  information 
products  and  coherent 
management.  Ta)ces  major 
government  effort  to  im- 
plement. Processing  at 
multidisciplinary  centers 
more  cost-effective  than 
at  disciplinary  centers. 
National  centers  may  prove 
unresponsive  to  state  and 
local  concerns,  with  re- 
latively little  cost 
advantage  over  regional  or 
large-state  processing. 


Cost-effective,  coherent 
management  possible;  hav- 
ing a "super"  government 
information  agency  li)cely 
to  prove  threatening  and 
politically  unacceptable; 
multidisciplinary  regional 
processing  seems  to  stri)ce 
right  balance  in  terms  of 
technical  capability, 
economics  and  responsive- 
ness to  users. 


System  B: 

A System  under  Private 
Sector  Control 


Control : Private  Sector 
Management ; New,  Con- 
gress lonally-Char  ter  ed 
"INFOSAT"  Corporation 
Configuration;  Flexible 
Scope  of  Data;  Princi- 
pally  Satellite  and 
High-Altitude  Aircraft 
Augmented  to  Permit 
Some  Priority  Product 
Production 

Principal  Variations  Con- 
sidered ; 1.  Two  parallel 
systems:  public  serving 
public  sector,  private 
serving  private  sector. 
2.  System  under  public 
sector  control  with 
heavy  private  sector 
involvement . 


Private  sector  system  not 
likely  to  have  sufficient 
incentive  and  reward  for 
servicing  "soft"  state, 
local,  regional  user  mar- 
kets. Certain  traditional 
government  functions  would 
need  to  be  curtailed. 
Private  sector  likely  to 
have  major  involvement  in 
processing  for  large 
private-sector  users  and 
to  perform  several  func- 
tions in  a public  sector 
system.  These  functions 
should  be  carefully  de- 
lineated to  avoid  possible 
conflicts  of  interest. 
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ABSTRACT 

An  inventory  of  reindeer-range  resources  has  been  conducted  for  the  USDA 
Soil  Conservation  Service  of  1.6  million  hectares  of  wildlands  in  western 
Alaska  using  clustering  techniques  with  digital  Landsat  data.  Computer-aided 
digital  analysis  produced  a provisional  map  of  rangeland  types  which  was  used 
to  design  the  field  collection  of  vegetation  and  soil  type  data.  This  field 
data  facilitated  refinement  of  the  inventory  map  and  was  used  to  describe  the 
map  units.  The  informational  classes  important  to  range  resources  were  wet, 
moist  and  alpine  tundra,  tidal  marsh,  brush  and  open  spruce  forest. 

A significant  feature  of  the  study  was  the  extraction  of  acreage  figures 
by  administrative  boundaries  within  the  study  area.  In  addition  to  soil  and 
vegetation  association  map  products  (at  scales  of  1:250,000  and  1:63,360) 
acreage  values  were  tallied  from  the  digital  data  for  each  of  the  four  grazing 
permit  areas  established  by  the  Bureau  of  Land  Management. 

The  boundaries  of  the  four  grazing  permits  were  digitized  from  administra- 
tive maps  and  digitally  overlaid  to  the  classification  results.  The  total 
pixels  by  class  were  tabulated  by  computer  within  each  permit  area.  Line- 
printer  maps  of  the  classification  were  prepared  to  combine  the  classification 
results  with  the  administrative  boundaries.  Each  pixel  inside  the  boundary  was 
overprinted  three  times  and  the  pixels  outside  were  printed  only  once.  The 
resulting  map  was  used  to  establish  the  validity  of  the  digitized  boundary. 

The  pixel  counts  were  converted  into  acreage  and  percent-of-cover  figures  to 
provide  the  Soil  Conservation  Service  with  tabular  results  of  the  inventory. 
Tabular  acreage  figures  and  standard  map  products  form  an  inventory  data  base 
to  aid  the  range  manager  in  the  preparation  of  grazing  plans. 


1.  INTRODUCTION 

Reindeer  herding  in  Western  Alaska  has  a long  and  colorful  history. 

Reindeer  were  first  introduced  from  Siberia  in  the  1890 *s  as  part  of  a federal 
project  to  provide  a source  of  milk,  meat,  clothing  and  transportation  for 
Alaskan  Eskimos.  For  some  time  the  industry  flourished,  and  at  its  peak  in  the 
1930' s,  there  were  estimated  to  be  over  half  a million  reindeer  in  the  terri- 
tory of  Alaska.  A sharp  decline  followed,  brought  on  in  part  by  a change  in 
federal  policies,  bad  weather,  overgrazing  and  poor  market  conditions.  By  1950 
the  number  of  reindeer  remaining  in  domestic  herds  had  declined  to  approxi- 
mately 25,000.  [1] 

Recently,  renewed  interest  has  developed  in  the  the  herding  industry  by 
the  Northwest  Alaska  Native  Association  (NANA) . NANA  is  one  of  the  twelve 
regional  native  corporations  established  as  part  of  the  Alaska  Native  Claims 
Settlement  Act.  The  corporation  has  obtained  the  use  of  two  reindeer  ranges, 

administered  by  the  Bureau  of  Land  Management  (BLM)  and  is  in  the  process  of 
acquiring  a reindeer  herd.  In  support  of  these  efforts  NANA  requested  assis- 
tance from  the  United  States  Department  of  Agriculture's  Soil  Conservation 
Service  (SCS)  for  planning  and  management  of  the  industry.  The  first  step  of 
this  program  was  to  conduct  a vegetation  and  soils  inventory  of  a 1.6-million 
hectare  area  of  range  on  the  Seward  and  Baldwin  Peninsulas. 
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2.  THE  PHYSICAL  SETTING 

and  Maritime  with'mean  temperaLrIs  ranglSg°?rL‘'!o«rL''ju^i"^ 

January.  Recorded  extreme  temperatures  rangr^rom^S^C  tf  so^r  ‘tov 

S3:  £ ■■=■  E-as -3H3S3- 

mining  community  is  not  occupied  during  the  winter.  ^ ^ Candle,  an  active 

risinQ^to^rollin^hi??"®^®^®  °l  i"  the  vicinity  of  Kotzebue  Sound 

isSiffffSS? 

studJ“aJea?""pr“""  " """  hiUs?d;s  in^’tL'^outLfsrjLroJ  t^*^" 

3.  PROJECT  OVERVIEW 

from  spectral  classes  on  the  computer  generated  map.  (See  Figure  2) 


Three  summer  Landsat  scenes  were  found  with  cloud  free  coveraae  of  fho 

leacn  picture  element  - pixel  - is  approximately  0.5  hectares)  as  well  as  fh» 

clafsification^techni®^*"''^  leading  to  detailed  inventory  results.  The  digital 
Classification  technique  used  was  basically  an  unsupervised  approach.  A 
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statistical  clustering  algorithm  was  applied  to  sample  data  sets  selected 
randomly  with  specific  additions  based  on  the  photo-interpretation  analysis 
results. 

After  cluster  statistics  were  derived,  the  entire  scene  was  classified 
using  a maximum-likelihood  classification  algorithm  that  assigned  each  pixel 
its  most  appropriate  spectral  class  defined  by  the  cluster  statistics.  The 
resulting  classified  Landsat  scene  was  displayed  on  a TV  monitor  and  compared 
to  the  photo-interpretation  maps.  From  this  evaluation  and  study  of  the  cluster 
statistics  it  was  apparent  that  the  classes  generated  represented  more  detail 
than  was  required  for  the  inventory.  Using  the  TV  display,  spectral  classes 
were  evaluated  and  combined  to  reduce  the  total  number  of  map  categories. 

Figure  3 shows  two  dimensional  **cluster  plots”  that  illustrate  graphically  the 
spectral  clusters  and  the  final  color  combinations  for  one  of  the  Landsat 
analyzed  during  the  study. 

The  classification  procedure  was  performed  independently  for  each  for  the 
three  summer  Landsat  scenes.  Based  on  the  feasibility  study  and  the  photo- 
interpretation analysis,  tentative  cover  type  assignments  were  made  and  colors 
assigned  to  the  spectral  classes.  Each  Landsat  scene  covered  a different  geo- 
graphical area  with  somewhat  different  vegetation  characteristics,  so  no  attempt 
was  made  to  force  the  same  number  of  spectral  clusters  from  each  of  the  scenes. 
Geometrically  corrected  hard-copy  color  products  were  generated  at  scales  of 
1:250,000  and  1:63,360  for  use  in  the  field.  (See  figure  4) 

4.  FIELD  DATA  COLLECTION 

A four  man  team  consisting  of  two  range  specialists,  a soil  scientist  and 
Landsat  investigator  spent  one  month  in  the  field  collecting  vegetation  and 
soils  data.  The  field  crew,  using  a helicopter  for  transportation,  treated  the 
Landsat  color  products  as  preliminary  maps.  Field  work  consisted  of  identifying 
species  (41  [5],  recording  plant  productivity  and  making  soils  descriptions  to 

define  the  map  units.  Plant  productivity  was  determined  by  a double  sampling 
technique  using  an  occular  estimate  and  clipped  weight  procedure.  (6) 
the  field  observations,  the  team  described  the  map  units,  noted  the  variability 
and  looked  for  conflicts  between  plant/soils  types  and  the  Landsat  classifica- 
tion. 


The  helicopter  played  a key  role  in  the  field  work.  Map  units  for  this 
level  of  inventory  cover  from  tens  to  hundreds  of  hectares.  These  units  are 
readily  identifiable  from  the  air,  giving  the  field  crew  confidence  that  they 
have  located  the  map  unit  they  are  seeking.  In  the  tundra,  differences  between 
plant  communities  are  often  very  subtle — the  traveler  on  foot  may  find  it 
difficult  or  impossible  to  tell  when  he  has  passed  from  one  community  into 
another.  The  aerial  vantage  point  from  the  helicopter,  with  preliminary  maps 
and  the  ability  to  land  almost  anywhere,  resulted  in  the  efficient  collection 
of  ground  data.  This  procedure  enabled  the  field  crew  to  cover  the  1.6-million 
hectare  area  in  one  month. 


5.  RESULTS 

The  soil  and  vegetation  types  identified  by  the  field  crew  are  summarized 
in  Table  II.  Some  of  the  features  in  the  table  are  the  common  name  used  in  the 
field,  the  landform  or  terrain  type  for  the  group,  a plant  community  and  soil 
descriptions  and  the  "color"  or  colors  for  each  of  the  Landsat  scenes  corre- 
sponding to  the  cluster  groups  in  Figure  3(b).  This  table  is  preliminary.  The 
final  map  units  and  descriptions  will  be  based  on  detailed  examination  of  the 
field  data. 

Inspection  of  Table  II  reveals  a number  of  interesting  details:  (1) 

Colors  on  different  Landsat  scenes  do  not  always  match  (i.e.,  line  5 tussock 
tundra  is  represented  by  both  dark  green  and  light  green) . This  is  not  sur- 
prising since  the  scenes  were  processed  separately  and  the  color  assignment  was 
made  to  maximize  the  differences  with  each  color  product.  (2)  Some  plant 
communities  and  soils  are  represented  by  more  than  one  spectral  class  (i.e., 
yellow  and  white  on  scene  2183  are  both  associated  with  drained  lakes) . For 
these  cases,  there  were  distinctions  between  the  two  classes  too  fine  for 


T 

1 

k i 

' 

T-l 

separation  at  this  level  of  survery.  They  were  combined  and  treated  as  a 
single  class.  (3)  Finally,  some  spectral  categories  were  found  to  represent 
more  than  one  vegetation  and  soil  type.  The  worst  offender  was  the  category 
represented  by  yellow  in  scene  2183  which  corresponds  to  tidal  flats,  drained 
lakes,  lava  flows,  granite  outcrops  and  old  forest  fires.  These  cover  types 
had  similar  reflectance  characteristics.  However,  taken  together  they  comprise 
less  than  3%  of  the  study  area.  This  problem  was  anticipated  at  the  time  of 
the  analysis  on  the  TV  display  and  confirmed  in  the  field.  In  each  case  other 
criteria  were  developed  for  separation  of  the  cover  types  from  additional  data 
sources  such  as  topographic  maps  and  winter  Landsat  imagery. 

6.  INVENTORY  PRODUCTS 

The  inventory  results  are  being  prepared  in  map  and  tabular  formats  for 
the  range  manager  and  other  users. 

Map  Generation.  Maps  are  being  manually  transferred  from  the  computer 
generated  color  products  to  mylar  overlays.  A map  of  the  entire  study  area  has 
been  prepared  at  a scale  of  1:250,000  with  generalized  map  units  of  similar 
vegetation  and  soil  types.  The  final  map  will  be  on  a black  and  white  Landsat 
imagery  base.  More  detailed  maps  of  the  individual  BLM  reindeer  grazing  areas 
will  be  produced  at  a scale  of  1:63,360  on  the  USGS  topographic  map  base.  At 
this  scale  detailed  map  units  will  show  features  such  as  rinarian  brush  commu- 
nities. 


. t Tabular  summaries  of  the  inventory  results  are  being 

derived  from  the  digital  data  for  each  of  the  BLM  grazing  permits.  The  resource 
planning  and  management  user  would  like  to  know  the  areal  extent  of  the  vegeta- 
tion and  soil  types  available.  Traditionally  this  information  has  been  derived 
as  a secondary  product  from  inventory  maps.  The  inventory  data  base  is  in 
digital  format,  stored  on  a computer  compatible  tape.  A tabular  summary  is 
easily  produced  from  this  digital  format.  The  Landsat  pixel  (0.5  hectares)  is 
much  smaller  than  the  minimum  size  map  units  (>  10  hectares),  which  allows 
greater  detail  in  the  tabular  summary. 

Each  BLM  grazing  permit  boundary  was  drawn  on  a 1:250,000  scale  topographic 
map.  The  boundary  was  then  broken  into  line  segments  which  could  be  more 
easily  digitized.  Control  points  were  selected  from  line  printer  maps  of  the 
satellite  data  at  a scale  of  1:18,661,  and  located  on  the  topographic  map.  The 
control  points  were  used  to  define  an  affine  transformation  used  to  superimpose 
digitized  boundary  points  on  the  digital  data.  A program  was  developed  to  sum 
the  pixels  within  each  grazing  permit  by  spectral  class  by  generating  points  on 

around  the  boundary,  removing  all  single  points  where 
the  boundary  is  tangent  to  a scan  line,  sorting  the  remaining  points,  and  then 
counting  pixels  between  pairs  of  points.  Acreage  values  were  computed  and 
recorded.  As  discussed  previously,  in  the  cases  where  a spectral  class  was  not 
unique  to  a specific  vegetation  and  soil  type,  estimates  were  made  from  the 
color  products  and  maps  to  establish  the  percentage  of  the  spectral  class 
belonging  to  a given  cover  type.  The  results  of  this  process  for  the  "Karman" 
grazing  permit  are  presented  in  Table  III. 


As  a control  for  the  registration  procedure,  a lineprinter  output  of  the 
classification  results  was  generated  with  pixels  inside  the  boundary  overprinted 
three  times  and  those  outside  the  boundary  printed  only  once.  The  area  inside 
the  boundary  was  therefore  shaded  and  could  be  visually  examined  to  verify  the 
location  of  the  boundary  relative  to  the  Landsat  classification  results. 

7 . CONCLUDING  REMARKS 

This  project  used  digitally  classified  Landsat  data  as  a tool  for  resource 
inventory.  Computer  classification  was  combined  with  information  gained  from 
tlie  feasibility  study  and  a manual  interpretation  of  the  imagery.  Computer 
aided  analysis  was  used  for  the  mapping  due  to  the  high  spatial  resolution  and 
uniform  treatment  of  data.  The  computer  generated  preliminary  map  provided  a 
spatial  model  of  the  study  area,  which  gave  direction  to  the  efforts  of  the 
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field  crews.  Data  were  collected  in  the  field  to  describe  map  units  and  to 
identify  and  resolve  conflicts  between  the  cover  types  and  the  preliminary  map. 

After  the  field  season,  final  maps  were  generated  from  the  Landsat  digital 
classification.  These  maps  are  a refinement  over  the  original  classification 
products.  The  maps  are  being  generated  manually,  but  the  investigators  believe 
that  this  process  may  be  accomplished  in  the  future  with  the  aid  of  a computer, 
thus  giving  further  savings  of  money  and  preparation  time.  The  projected  cost 
of  this  study  is  currently  $130,000,  including  data,  computer  processing, 
analysis  and  field  labor  and  helicopter  time. 
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TABLE  I.  LANDSAT  SCENES  USED  IN  THIS  STUDY 


Summer 


1709-21504 

1760-21320 

2183-21470 


2 July  1974 
22  Aug.  1974 
24  July  1975 


Winter 


1565-21543 

1581- 21425 

1582- 21481 


8 Feb.  1974 

24  Feb.  1974 

25  Feb.  1974 
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TABLE 

II. 

PRELIMINARY  PLANT  AND  SOIL 

TYPES  (SEPTEMBER  2,  1976) 

COMMON  NAME 

LAND 

FORM 

PLANT  COMMUNITY 

SOIL  LANDSAT  SCENE 

2183  1760 

COLOR 

1790 

1)  Tidal  Flats 

Tide 

Flats 

90%  Carex  ramenski- 
Potentilla  egedii, 
10%  Elymus  mollis 

Histic  pergel-  Yellow 
ic  cryaquepts 
(Sapric) 

-decomposed- 

Brown 

Yellow/ 

brown 

2)  Drained  Lakes  Drained  Lake  Carex  aquatalis 


3)  Low  Center 
Polygons 


Low  Center 
polygon  in 
drained  lake 


80%  Carex  aquatalis- 
Carex  rotundata , 

20%  ice  wedges  with 
tussocks 


Pergelic  cryo-  Yellow/  Tan 

fibrists  White 

(Fibric  mat- 
erial) 

deep  peat 


80%  pergelic  Olive  - Dark 

cryofibrists  Green 

20%  Histic 
pergelic 

cryaquepts 


4)  Alluvial 

Flood  Plain 


Flood  Plain  high  brush- 

alder/willow  and/or 
white  spruce 


Pergelic  cryo-  Red/ 
rthents  brown 

Pergelic  crya- 
quepts 


Red/ 

brown 


Red 


5)  Tussock  Tundra  Gentle  slopes,  Eriophorum  tussocks  and  Histic  per- 
and  rolling  low  shrubs  gelic  crya- 

hills  and  high  quepts 

center  poly-  (Fibric  and 

- Hemic) 


Dark 

green 


Darx 

green 


Light 

green 


6)  Upland  Tussock  Gentle  Slopes  Carex,  lichen  and  low 
Tundra  and  rolling  shrubs 

hills 


Histic  per- 
gelic crya- 
quepts 
(Fibric  and 
Hemic) 


Light 

green 


COMMON  NAME 

L,\ND  FORM 

7) 

Mountain 

Meadow 

Mnts.  and  hills 
(generally  on 
slopes  with 
solifluction  lubes) 

8) 

Bald  slopes 
(Alpine  Tundra) 

High  ridges  and 
hill  tops  above 
line 

9) 

Bare  ridges, 
rockland  and 
lave  plateau 

Hill  tops  and 
Basalt  flow 

10) 

Tall  Shrub 
Tundra  with 
shrubs 

Gentle  slopes  and 
rolling  hills 

11)  Tall  Shrub  Steep  I'illsides 


12)  White  spruce  Hillsides 
Shrub  Southeast 

quadrant  of 
Study  area 


13)  Recent  Burns 


TABLE  II.  (Confd) 


PLANT  COMMUNITY 

SOIL 

LANDSAT  SCENE 
2183  1760 

COLOR 

1790 

Carex  biglowii, 
Salix  planifolia 
(grassland  aspect) 

Pergelic 

cryaquepts 

Light 

green 

Light 

green 

- 

Dryas-Carex 
nardina,  Carex 
vaqinata,  lichen 

Pergelic  cry- 
umbrepts 
Pergelic  cryo- 
borolls 

Pin)i 

Pin)c 

- 

Dryas  - lichen, 
Cassiope  60-70% 
fragments 

Pergelic  cryo- 
rthents 
Pergelic  cry- 
umbrepts 

Yellow/ 

white 

- 

- 

Eriophorum  vagi- 
natum  and  Carex  - 
low  shrubs  with 
intermittent  taller 
shrubs  (Willow  and/ 
or  alder  .75-1  m) 

Histic  per- 
gelic crya- 
quepts 
(Fibric  and 
Hemic) 

Orange 

Orange 

Red 

Alnus  crispa-Salix 
planifolia,  Carex 
biglowii  > 1 meter) 

Pergelic  crya- 
quepts 

Red 

Red 

Red 

Picea  qlauca 
Salix  planifolia, 
Alnus  crispa, 
Betula  glandulosa 

Pergelic  cry- 
umbrepts 
Pergelic  cryo- 
borolls 

Brown/ 

red 

Brown 

.o 


Yellow 


Brown 


Brown 


TABLE  III.  KARMAN  REINDEER  GRAZING  PERMIT  TABLUAR  SUMMARY 
OF  PLANT/SOIL  TYPES 


TYPE 

Tidal  Flats 

Drained  Lakes 

Low  Center  Polygons 

Tussock  Tundra 

Mountain  Meadow 

Bald  Slopes 

Bare  Ridges,  Rockland 

Tussock  Tundra  with  Shrubs 

Tall  Shrubs 

Water 

Miscellaneous  Other  Types 


TOTAL 


% HECTARES 


0.8 

3,000 

0.4 

1,500 

2.6 

9,900 

51.2 

194,400 

12.1 

46,000 

0.5 

1,900 

7.1 

27,000 

18.8 

71,400 

3.0 

11.400 

2.7 

10,300 

0.8 

3,000 

100.0% 

379,800 

670 


ORIGINAL  PAGE  lb 
OF  Poor  quality 


BAND  7 


Figure  3.  CLUSTER  PLOTS  These  diagrams 
give  a two  dimensioniil  representation  of 
the  cluster  groups  from  one  of  the  Landsat 
scenes  classified.  The  original  clusters 
appear  in  3a.  Final  combined  classes  are 
shown  in  3b  with  the  corresponding  color 
used  to  represent  the  class  in  the  color 
product. 
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Rpyifn-F.  SENSING  EXPLORAnON  FOR 

METALLIC  MINERAL  RESOURCES  IN 

CENTRAL  BAJA  CALIFORNIA 

Ralph  N.  Baker 

General  Electric  Company 
Beltsvllle,  Maryland  20705 

ABSTRACT 

Remote  sensor  data  (primarily  Landaat)  was  analysed  by 
photogeologic  and  computer-assisted  enhancement  techniques  to 
evaluate  the  metallic  mineral  potential  of  Baja  California, 
Overlays  were  prepared  at  1:1,000,000  and  1:500,000  and  in- 
cluded known  geologic  relationships  and  mineral  occurrences; 
lineament,  drainage  and  structural  patterns;  tonal  anomalies 
and  IMAGE  100  enhancement  results. 

Computer-assisted  enhancement  and  classification  of  the 
test  sites  was  performed  using  General  Electric's  IMAGE  100 
system  to  identify  subtle  tonal  anomalies  thought  related  to 
mineralization  using  known  sites  as  analysis  guides.  Data 
sources  were  correlated  and  ten  12  km  x 12  km  targets  were 
selected  which  displayed  the  greatest  concentrations  of 
mineral  indicators  or  "ore  guides".  The  probability  for 
mineralization  within  the  study  area  was  quantified  by 
assigning  an  arbitrary  "score"  to  these  Indicators  propor- 
tional to  the  degree  to  which  they  Indicated  favorable 
conditions  for  mineral  emplacement.  Mineral  potential  maps 
of  Baja  California  were  generated  from  these  analyses  and 
the  ten  hipest  priority  targets  visited  in  November  1976 
with  the  kind  support  of  the  Mexican  Government's  Consejo 
de  Recursos  Minerales. 

Preliminary  assay  results  (atomic  absorption  analysis) 
for  the  samples  recovered  showed  moderate  to  high  geo- 
chemical anomalies  for  Copper  (10  of  12  samples) , 2inc 
(3  of  12  samples)  a'.d  Lead  (4  of  12  samples). 


1 , INTRODUCTION 

The  purpose  of  this  study  is  to  test  a multi-facetted  approach  to  the  exploration  for 
metallic  mineral  resources  using  remotely  sensed  data  (primarily  Landsat)  , 

(including  published  and  unpublished  information),  conventional  , 

and  advanced  computer-assisted  image  enhancement  and  classification  technique  • ^ 

based  on  the  philosophy  that  individual  information  sources  are 
selves;  it  is  the  methodical  compilation  and  evaluation  of  each  of 

context  of  all  information  inputa)  that  provides  a technique  for  evaluating  the  minerallza 
tlon  potential"  of  an  area  of  Interest  (Figure  1). 

Baja  (lower)  California  comprises  a narrow  760  mile  long  peninsula  associated  with  the 
western  edge  of  the  North  American-Pacif Ic  crustal  plate  boundary.  In  general,  it  is  a 
geological  extension  of  southern  California  (e.g.  the  Peninsular  Ranges  and  Sierra  Nevada 
batholith)  but  has  been  studied  at  little  more  than  a reconnaissance  level. 
accounta  describe  some  mining  activity  (especially  Copper,  manganese,  gold  and  “11^"^  ”®“ 
to  the  late  1700's,  resulting  in  small  settlements  and  nearby  Spanish  missions.  With  the 
exception  of  a few  mining  districts  such  as  El  Triunfo,  Boleo  and  Lucifer,  mineral  deposits  of 
major  economic  significance  have  not  been  reported. 
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Because  of  general  geologic  similarities  with  southern  California  mining  districts  and 
Inaccessibility  due  to  harsh  climate  and  rugged  terrain,  Baja  California  Is  especially  well- 
suited  for  remote  sensor  based  mineral  exploration,  where  photogeology  and  computer -assisted 
Image  analysis  can  be  combined  to  "prospect"  vast  regions.  Further,  the  dry  climate  character- 
istic of  most  of  the  region  Inhibits  vegetation  and  minimizes  cloud  cover,  both  factors  which 
hinder  geological  analysis. 

The  geologic  history  of  the  region  is  characterized  by  a "mid-Mesozoic"  and  a "mid- 
Cenozoic"  event  by  Gastll  ct^  al^.  (1975).  The  earlier  event  Is  documented  in  the  rock  record 
by  "volcanic  strata  of  the  Island  arc  type,  regional  metamorphism  and  the  emplacement  of 
pervasive  granitic  rocks",  accompanied  by  severe  structural  deformation,  uplift  and  erosion. 

The  later  event  "Involved  the  accumulation  of  a wide  variety  of  volcanic  rocks,  minor (?) 
metamorphism  and  granitic  emplacement,  and  the  creation  of  the  Gulf  of  California,  a mobile 
tectonic  belt."  Gastll  considers  this  second  event,  Initiated  near  the  beginning  of  Miocene 
time,  to  be  continuing.  These  two  events  divide  the  geological  history  of  Baja  California  Into 
distinct  pre-  and  post-bathollthlc  Intervals. 

A review  of  the  literature  reveals  two  trends  In  the  application  of  aerial  and  satellite 
remote  sensing  to  mineral  exploration — a continuing  improvement  in  sensor  and  data  Interpreta- 
tion technology,  and  an  Increasingly  greater  reliance  on  remotely  sensed  Information  to  reduce 
surface  and  subsurface  exploration  costs  to  a minimum. 

The  rationale  behind  detecting  mineral  deposits  by  satellite  sensors  stems  from  two 
general  theories  related  to  mineral  emplacement; 

1.  Zones  of  crustal  weakness  - faults,  fractures  or  brecclated  rock  may  serve  as 
conduits  for  mineralizing  fluid  migration  or  magma  emplacement. 

2.  Surface  structural  or  tonal  anomalies  - possibly  resulting  from  contact 
metamorphism,  weathering  (oxidation  and  secondary  enrichment)  or  characteristic 
soil  and  vegetation  development  can  be  associated  with  geochemical  or  gcobotanical 
manifestations  of  ore  body  emplacement. 

From  these  basic  assumptions,  geologists  utilizing  satellite  and  aerial  photography  or 
imagery  have  recognized  four  Indicators  thought  useful  for  locating  mineral  deposits: 

1)  lithologic  associations;  2)  structural  associations,  especially  the  relationship  of  ore 
bodies  to  geologic  features;  3)  geobotanlcal  or  geochemical  alteration;  chemical  changes 
resulting  from  metamorphism,  vegetation  stress,  secondary  enrichment  and/or  weathering;  or 
4)  "lineament"  and  "curvilinear"  feature  density  and  distribution  (Table  1). 

2.  METHODS  OF  INVESTIGATION 


2 . 1 FHOTOGEOLOGY 

Baja  California  was  examined  for  surface  Indicators  of  mineral  deposits  using  visual 
photogeologlc  Interpretation  of  Landsat  Imagery  and  computer-assisted  analyses  of  Landsat 
digital  tapes  (CCTs)  to  enhance,  detect  and  classify  land  surface  features  using  the 
"IMAGE  100"  multlspectral  Image  analysis  system.  The  visual  photogeologlc  Interpretation 
consisted  of  three  steps:  the  detection,  classification  and  Identification  of  tonal  (density) 

values,  textures,  shapes,  patterns  and  orientations  of  Image  elements.  These  are  related  to 
terrain  parameters  such  as  structural  and  goomorphlc  features,  lithologic  associations  and 
soil/rock  distributions.  These  associations  were  combined  with  ground  truth  and  used  to 
postulate  relationships  between  targets  on  the  ground  and  remotely  sensed  Information. 

Overlays  of  the  central  Baja  California  test  sites  were  prepared  at  scales  of  1:1,000,000 
and  1:500,000;  the  largest  scale  at  which  Landsat  data  can  be  analyzed  without  major  degradation 
of  Image  resolution  (Welch,  1973).  Transitions  between  the  Landsat  working  scales  (1:1,000,000 
and  1:500,000)  and  the  various  map  scales  and  projections  of  supportive  data  were  performed 
optically.  Information  from  the  smaller  scales  was  enlarged  to  the  1:500,000  format  by 
optically  projecting  the  appropriate  overlay  and  redrawing  the  Information  at  the  desired  scale 
using  the  projected  Image  as  a base.  Control  reference  points  in  both  the  x and  y directions 
Insured  optimum  geometric  registration. 

Overlays  were  correlated  and  the  evidence  for  mineralization  displayed  in  each  Information 
category  (l.e.,  lineaments,  structure,  lithology,  drainage  patterns,  etc.)  was  Interpreted  In 
the  context  of  all  other  Information  categories,  and  the  likelihood  of  mineralization  evaluated. 
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2.2  IMAGE  100  ANALYSIS 

To  complement  the  visual  photogeologlc  Interpretation,  computer-assisted  analyses  were 
conducted  using  General  Electric  Company's  "IMAGE  100",  a multlspectral  user  Interactive  Image 
analysis  and  classification  system  at  GE's  Image  Processing  and  Analysis  Center,  Beltsville, 
Maryland.  While  automated  procedures  have  not  as  yet  been  able  to  match  the  pattern  recognition 
and  association  capabilities  of  a human  Interpreter,  computer-assisted  techniques  can  dis- 
criminate and  enhance  subtle  spectral  variations.  Since  each  Landsat  Image  contains  approximate- 
ly 16  X 10^  data  bits,  automated  processing  and  analysis  techniques  are  required  for  maximum 
Information  extraction  within  practical  time  constraints. 

The  system  can  detect  subtle  variations  In  the  radiometric  properties  of  an  image,  and 
enhance  these  differences  so  that  they  can  be  detected  by  the  analyst.  It  will  also  classify 
the  Image  by  these  spectral  characteristics  (either  enhanced  or  unenhanced),  so  that  regions 
having  like  "signatures"  can  be  Identified.  Mineral  concentrations  at  depth  are  often 
accompanied  by  secondary  surface  Indicators,  many  of  which  (e.g.,  tonal  anomalies  associated 
with  geochemical  or  geobotanlcal  "stress"  - gossans  or  alteration  aureoles)  can  often  be 
detected  by  this  type  of  multlspectral  computer-assisted  Image  analysis. 

Analysis  techniques  employed  for  the  IMAGE  100  phase  of  this  study  were  designed  to 
1)  emphasize  structural  Information  which  would  verify  or  supplement  results  of  the  photo- 
geologic Interpretation,  and  2)  lead  to  the  detection  of  tonal  anomalies  which  could  be 
related  to  geochemical  or  geobotanlcal  Indicators  of  mineralization. 

Mineral  Potential  Evaluation 

The  detection  of  potentially  significant  metallic  mineral  concentrations  In  Baja  California 
was  based  on  surface  Indicators  or  "ore  guides"  previously  found  useful  for  mineral  exploration 
by  remote  sensing  techniques.  Specific  indicators  were  selected  from  previous  work,  NASA 
significant  results  of  investigations  and  personal  experience  (Table  1). 

The  probability  for  mineralization  within  the  study  area  was  quantified  by  evaluating 
Indicator  criteria  and  assigning  each  a value  determined  by  the  degree  to  which  It  Indicated 
favorable  conditions  for  mineral  emplacement.  For  example,  an  area  containing  obvious  linea- 
ment (fault  or  fracture)  Intersections  Is  more  apt  to  provide  migration  channels  for  mineral- 
izing fluids  than  an  area  devoid  of  them;  hence.  It  would  receive  a higher  score  In  this 
category.  Scoring  criteria  for  each  category  shown  In  Table  2. 

Categories  of  ore  guides  were  weighted  according  to  the  type,  detail  and  quality  of  data 
available,  successful  use  in  previous  studies,  and  significance  of  the  processes  with  which 
they  are  associated. 

Initially,  the  entire  peninsula  was  divided  Into  25  x 25  km  grid  units  using  the 
1:1,000,000  Landsat  mosaic  as  a base.  Each  grid  element  was  evaluated  separately  and  assigned 
a mineral  potential  score  based  on  the  photointerpretation  of  surface  mineral  Indicators 
present  (Figure  2).  From  these  evaluations,  a first  approximation  of  the  overall  potential 
for  metallic  mineral  occurrence  vias  achieved  and  a primary  study  ares  selected  for  detailed 
analysis.  As  the  evaluation  of  Individual  grid  elements  progressed.  It  became  clear  that  a 
simple  binary  (favorable/unfavorable)  evaluation  system  would  not  provide  the  degree  of 
target  "f  irorablllty"  discrimination  required  for  actual  exploration  programs.  To  correct 
this,  specific  degrees  of  favorsbllity  were  estsblished  (Table  2). 

The  criteria  thought  to  be  most  useful  for  determining  the  overall  mineralization 
potential  of  the  study  srea  were  divided  into  three  categories:  photogcology,  IMAGE  100  and 

ground  truth.  IMAGE  100  analyses  were  limited  to  central  Baja,  after  Initial  targetting  of 
the  entire  peninsula  was  done  by  photointerpretation.  The  region  was  evaluated  in  3 separate 
sections  (northern  and  southern  at  1:1,000,000  and  central  at  1:500,000)  because  data  Inputs 
vsrled  slightly  for  each. 

Prime  exploration  targets  were  selected  separstely  In  each  of  the  geographic  regions. 

Those  designated  In  central  Baja  California  were  based  initially  on  favorable  areas  delineated 
In  the  northern  and  southern  1:1,000,000  scale  maps.  These  targets  were  refined  by  photo- 
geologic  Interpretation  at  1:500,000,  IMAGE  100  analysis  and  supporting  ground  truth.  Each 
grid  unit  was  assigned  a "mineral  potential  score"  based  on  the  aggregate  number  of  positive 
Indicators  displayed.*  The  distribution  of  scores  was  plotted  and  grid  units  categorized  Into 
five  levels:  *(see  figure  2) 
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The  primary  target  areas  lie  In  central  Baja  California  between  the  Santa  Clara  Desert 
and  the  Gulf  of  California,  rou^ly  between  Bahia  de  los  Angeles  to  the  north  and  Santa 
Rosalia  to  the  south  (Figure  1).  This  region  was  selected  for  these  reasons: 


Results  from  the  Initial  analyses  at  1:1,000,000  Indicated  that  metallic 
mineral  desposlts  could  exist  In  several  localities  within  the  area  and 
that  many  of  these  sites  were  accessible  for  field  checking. 

Some  authors  (Gaatll  ejt  a^. , Ulsser,  1954)  recognized  three  major  mineral 
provinces  occurring  In  this  region:  the  volcanic  copper-iron,  schist- 

gold,  and  cenozolc  hydrothermal  provinces  associated  with  metavolcanlc , 
metasedlroentary  and  cenozolc  volcanic  structures,  respectively.  These 
provinces  occur  In  broad  belts  trending  generally  NW-SE,  and  exploration 
targets  were  selected  In  each  to  evaluate  the  mineral  exploration  technlaues 
developed  In  this  study  In  a range  of  geologic  settings  and  structural  styles 


Results 

Twelve  (12)  surface  samples  were  collected  In  November  1976  from  10  sites  and  analyzed 
using  a Jarrell-Ash  model  800  Atomic  Absorption  spectrophotometer. 

In  addition,  the  Consejo  de  Recursos  Mlnerales,  Mexico  City  analyzed  splits  of  the  samples 
for  comparison  purposes.  Additional  sample  analyses  are  presently  being  undertaken  (Table  3). 

These  results,  while  preliminary,  seem  to  demonstrate  that  a combined  approach  using  all 
avsllable  remote  sensor  snd  ground  truth  data  can  be  usefully  Incorporated  Into  a mineral 
exploration  program  at  the  reconnaissance  level. 

The  sample  collected  generally  represented  only  one  point  In  a 12  km  x 12  km  grid  cell. 

The  cells  yielding  samples  of  Interest  should  be  resampled  more  extensively,  with  geophysical 
work  and  exploratory  drilling  as  a logical  follow-on  as  appropriate. 
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FIGURE  1.  GENERAL  STUDY  AREA.  The  peninsula  Is 
approximately  760  miles  long.  Central  Baja  test  site 
Is  within  the  rectangle. 


FIGURE  2.  MINERALIZATION  POTENTIAL  MAP  FOR  CENTRAL 
BAJA  CALIFORNIA.  Original  map  was  prepared  at  a scale 
of  1:500,000  using  all  data  inputs.  Black  dots  show 
grid  cells  field  checked.  Evaluation  score  shown  in  upper 
left  corner  of  12  km  x 12  km  grid  cell. 
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GEOLOGIC  STRUCTURE  (from  phoCogeology  and  ground  truth) 

Flat  terrain-  no  obvious  structure  (burled  or  surface)  3 I 

Some  suggestion  of  structure  at  depth;  gentle  topography  S 3 

Typical  structural  expression  for  region  7 5 

Favorable  structural  relationships,  some  evidence  for 
burled  structure  9 7 

Optimum  structural  relationships;  e.g.  margin  of  pluton, 
shear  zones,  anomalous  disruption  In  regional  patterns  12  10 


LITHOLOGY  (from  photogeology  and  ground  truth) 

Surflclal  unconsolidated  materials;  alluvium,  colluvium, 
terrace  gravels,  etc.  2 2 

ConsolldaCed/semlconsolldated  marine  & fluvial  deposits  4 4 

Widespread  relatively  homogeneous  extrusive  Igneous  rocks  6 6 

Complexly  Interrelated  Igneous,  metamorphlc  and  altered 
rocks  lO  8 

Margin  of  bathollth,  known  host  rock, highly  altered 
regions,  unusual  tonal  or  textural  anomalies  12  10 


1M4GE  100:  ENHANCEMENT  TECHN IQUES  (contrast  stretch,  ratio,  color  and  tone 
variation,  level  slice...) 

Cell  within  broad  enhanced  area  2 

Cell  within  restricted  enhanced  area  4 

Distinct  correlation  with  enhanced  area  and  general  area  of 
mineralization  6 

Some  correlation  with  enhanced  signature  over  known  mineral 
occurrence  8 

Discreet  signature  associated  with  known  ore  body  10 

image  100:  C1AS31FICATI0N  TECHNIQUES  (supervised,  unsupervised,  two 
dimensional  projection) 

Area  of  Interest  corresponds  to  broad  theme  2 

Area  of  Interest  within  broad  theme  also  encompassing 
mineralized  region  ^ 

Probable  correlation  of  area  and  signature  related  to 
mineralized  region  8 

Distinct  signature  related  to  mineralized  region  8 

"Tight"  signature  restricted  to  ore  body  and  area  . Interest  10 


TABLE  2.  MINERAL  POTENTIAL  EVALUATION  CRITERIA.  Most  Important  factors  considered  during  the 
compilation  of  photogeo  logic , Image  100  and  ground  truth  data.  Northern  and  southern  Baja 
California  were  evaluated  at  1:1,000,000  using  a grid  of  25  knr.  A subsite  was  selected  ij 
the  central  portion  of  the  peninsula  and  evaluated  at  1:500,000  using  a grid  size  of  12  km  . 


690 


OF 


' ^agk  rs 
O'-Mfiy 


TABLE  2 (continued).  SUMMARY  OF  ALL  DATA  SOURCES  UTILIZED,  AND  EVALUATION  SCORE  ASSIGNED. 


CRITERIA  FOR  TARGET  SELECTION 
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73 

65 
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(B)'samples  run  by  Consejo  6 
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34 

56 

6 

24* 

2* 

de  Recursos  Mlnerales, 
Mexico  City  7 

130 
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RESULTS  in  parts  per  ^ 
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Average  Crustal  Skinner  (1969) 

58 

82 

10 

1.2 

.08 

Abundance  (ppm)  Baianann  (1976) 

70 

80 

1.6 

1 

- 

.1 

TABLE  3,  ATOMIC  ABSORPTION  ANALYSIS.  Preliminary  results.  Variations  In  Cu  analyses  may  be  due  to 
sample  preparation  or  analysis  techniques.  They  are  being  rerun  but  are  Included  here  for  tom- 
pleteness.  Hg,  Ni  and  other  selected  metals  will  be  run  as  well. 
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ABSTRACT 

The  objective  of  the  investigation  reported  here  was  to 
provide  additional  empirical  evidence  for  the  ieflnltlon  of 
system  specifications  for  the  Landsat  Follow-Cn  Thematic 
Mapper  (TM)  and  other  future  space  MSS  sensor  systems.  Spe- 
cific sensor  parameters  addressed  were  spatial  resolution, 
radiometric  sensitivity,  and  to  a lesser  degree  spectral 
bandwldths  and  locations. 

The  study  used  selected  available  aircraft  MSS  data, 
characterized  by  narrow  spectral  bands,  fine  spatial  resolu- 
tion, and  high  slgnal-to-nolse , as  the  basis  for  simulating 
spacecraft  TM  data  of  various  spatial  resolutions,  radio- 
metric  sensitivities,  and  sets  of  spectral  bands.  The  pri- 
mary measure  used  in  evaluating  the  effects  of  varying  spatial 
and  radiometric  resolutions  was  agricultural  crop  mensuration 
accuracy  using  automatic  (computer)  information  extraction 
techniques . 

From  the  spatial  resolution  study,  definite  Improvement 
using  30-40  meter  resolution  over  present  Landsat-1  resolution 
and  over  50-60  meter  resolution  was  observed,  using  crop  area 
mensuration  as  the  measure.  Simulation  studies  ca:‘rled  out  to 
extrapolate  the  empirical  results  to  a range  of  field  size  dis- 
tributions confirmed  this  effect,  showing  the  Improvement  to 
be  most  pronounced  for  field  sizes  of  1-5  hectares  (the  average 
field  sizes  found  in  most  of  Western  Europe  and  India,  for 
example).  The  radiometric  sensitivity  study  showed  significant 
degradation  of  crop  classification  accuracy  immediately  upon 
relaxation  from  the  nominally  specified  values  of  0.5X  noise 
equivalent  reflectance.  This  was  especially  the  case  for  da"  a 
which  were  spectrally  similar  such  as  that  collected  early  in 
the  growing  season  and  also  when  attempting  to  accomplish  crop 
stress  detection.  Spectrally,  all  of  the  6 proposed  TM  spec- 
tral bands  were  shown  to  be  of  importance  at  some  time  during 
the  growing  season  and  together  to  provide  performance  as  good 
as  the  six  optimum  bands  of  the  aircraft  data  at  each  time. 

Distinct  problems  occurred  in  using  (with  other  bands)  a 
thermal  band  whose  spatial  resolution  is  3 to  4 times  that  of 
the  other  bands;  oversampling  of  the  thermal  band  did  not  alle- 
viate this  problem.  The  0.74-0.91  ym  band  was  seen  to  be  Impor- 
tant for  detection  of  crop  stress  condition. 

1 

The  Investigation  f’eported  on  herein  was  supported  by  the  NASA  I vndon  B. 

Johnson  Space  Center  under  Contract  NAS9-14819. 
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nominal  TM  radiometric  specification,  generally,  of  0.5  percent  NEAp  (noise 
equivalent  reflectance  difference).  The  simulation  of  the  specified  TM  bands 
was  carried  out  using  the  appropriate  M-7  bands  as  shown  In  Table  I. 

These  simulated  data  were  classified  using  a maximum  likelihood  classifier 
and  then  analyzed  by  the  criteria  of  acreage  mensuration  (proportion  estimation), 
and  field  center  classification. 

To  briefly  summarize  the  results  of  the  spatial  resolution  study,  we  first 
note  that  the  principal  measure  of  performance  over  an  entire  data  set  l.s  the 
area  mensuration  (proportion  estimation)  accuracy  over  all  pixels  In  the  data 
set.  Expected  field  center  classification  accuracy.  In  accord  with  theoretical 
considerations,  was  shown  to  be  independent  of  scanner  spatial  resolution  — 
thus  field  center  accuracy  Is  not  an  adequate  performance  measure  for  system 
spatial  resolution  specification.  The  mensuration  results  for  the  four  data 
sets,  when  examined  as  a function  of  spatial  resolution.  Were  best  at  30  meters. 
Inferior  at  60  meters,  and  significantly  worse  at  90  meter  resolution.  Figure  1 
presents  these  results  using  relative  proportion  estimation  accuracy  averaged 
over  all  classes  as  the  measure.  The  trend  to  Improved  proportion  estimation 
accuracy  at  finer  spatial  resolution  depicted  in  Figure  1 Is  felt  to  be  prl- 
marl^'y  because  relatively  fewer  boundary  pixels  would  occur  for  data  at  the 
finer  spatial  resolutions.  It  Is  Important  to  note  the  consistent  trends  In 
these  results  over  all  the  data  sets  studied.  We  further  note  that,  for  these 
parametric  studies,  only  areas  which  yielded  pure  pixels  at  all  resolutions 
were  used  for  training  since  we  did  not  want  to  confound  differences  due  to 
spatial  resolution  with  differences  due  to  different  training  data. 

A further  consideration  In  choosing  one  spatial  resolution  over  another 
Is  to  understand  what  results  would  be  for  different  areas  In  the  world.  The 
results  reported  above  were  for  field  size  distributions  that  are  representa- 
tive of  the  U.S.  corn  belt.  However,  many  other  parts  of  the  world  — Western 
Europe,  India,  parts  of  Asia,  etc.  — have  smaller  average  field  sizes  (51. 

The  Impact  of  spatial  resolution  on  overall  mensuration  accuracy  for  such  areas 
was  studied  using  simulation  technlque.s  which  first  constructed  a series  of 
appropriate  scenes,  where  each  scene  was  composed  solely  of  fields  of  the^same 
size  and  shape;  then  each  scene  was  Imaged,  while  varying  spatial  resolution 
as  a parameter  and  expected  mensuration  accuracy  was  evaluated.  A typical 
sample  of  these  analyses,  presented  In  Figure  2,  Is  from  a mid-August  data  set. 
Field  sizes  of  1-lt  hectares  are  typical  of  Western  Europe,  India,  etc,  while 
the  range  6-10  hectai-es  Is  typical  of  the  corn  belt  sites  studied.  As  can  be 
seen,  significant  reductions  In  accuracy  occur  with  coarsening  resolution  for 
the  smaller  fields  hectares).  In  general,  for  such  fields  the  loss  of 

accuracy  was  4-6!t  between  30  and  ^0  meter  resolution;  the  decrease  was  10-13X 
between  30  and  50  meter  resolution.  Even  for  16  hectare  fields  (hO  acres),  a 
loss  In  mensuration  accuracy  of  several  percent  Is  seen. 

A final  aspect  of  the  spatial  resolution  study  was  an  analysis  of  the  TM 
thermal  band.  A majority  of  the  study  was  carried  out  with  all  bands  simulated 
as  having  equal  spatial  resolution,  although  Ir.  fact,  TM  was  Initially  speci- 
fied to  have  a thermal  band  with  resolution  on  the  order  of  120  meters.  A 
separate  evaluation  was  therefore  also  made  of  the  utility  of  a thermal  band 
with  120  meter  spatial  resolution.  This  evaluation  showed  that  In  the  typical 
corn  belt  scenes  used  here,  almost  no  pure  120  meter  pixels  could  be  found  for 
training  purposes  because  of  limitations  In  field  size  --  that  Is,  In  the 
thermal  band  most  of  the  pixels  w^.re  mixtures  of  different  classes.  The  use 
of  such  a thermal  band  resulted  In  a serious  reduction  In  mensuration  accuracy. 
Thus  It  was  that  the  major  portion  of  this  study  was  carried  out  using  all 
bands  of  equal  spatial  resolution. 
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3.  RADIOMETRIC  SENSITIVITY 

The  second  facet  of  the  study  Involved  empirical  analysis  of  radiometric 
sensitivity,  a parameter  which  may  be  very  Important.  Evidence  was  obtained 
from  simulations  of  field  center  classification  accuracy  for  noise  levels  of 
0.5s,  1.0s,  1.3s,  1.6s,  2s,  3s,  6s,  10s,  and  20s  wher.  s Is,  by  spectral  band, 
the  nominal  specified  noise  equivalent  reflectance/temperature  difference 
(NEAp/AT).  The  nominal  percent  NEAp  for  t.vJ  reflective  region  bands  was  0.5*, 
except  for  the  1.55-1.75  pm  hand  where  It  was  l.OIt;  the  thermal  band  specifica- 
tion was  for  an  NEAT  of  0.5°K.  Each  of  the  radiometric  sensitivity  cases  were 
analyzed  for  30-meter  and  Ao-m< ter  spatial  resolutions  for  both  locations, 
three  times  of  year  at  one  location,  and,  furthermore,  for  two  condition 
classes  of  corn  In  order  to  determine  the  effect  of  radiometric  sensitivity 
on  the  discrimination  between  levels  of  corn  blight.  A range  of  discrimina- 
tion difficulty  was  thus  tested.  Including  for  these  crop  class.-s  the  more 
difficult  early  season  and  crop  condition  discriminations  as  welt  as  the 
easler  late  season  ones. 

In  the  study  of  radiometric  sensitivity,  as  expected,  the  results  showed 
that  classification  accuracies  decreased  with  Increasing  noise.  An  overal’- 
summary  of  the  radiometric  results  is  displayed  In  Figure  3,  where  It  can  be 
seen  that  for  the  Segment  20^1,  July  12  (AIM)  data  set.  In  whtch  the  ma.jor 
classes,  corn  and  soybeans,  are  spectrally  similar,  the  effect  of  decreased 
sensitivity  Is  Immediately  evident.  Although  the  results  for  the  Se^ent  20A, 
collected  August  12  (A3MK  data  set  seem  not  to  be  so  immediately  affected, 
further  examination  of  this  data  set  showed  that  the  recognition  of  corn,  the 
key  economic  crop  in  the  area,  declined  Immediately  with  a small  decrease  In 
sensitivity.  Furthermore,  the  correct  detection  of  bl Ight-.Ttressed  corn  was 
seen.  In  Figure  A,  to  decrease  significantly  with  Immediate  relaxation  ol' 
sensitivity  from  the  nominal  point. 


A.  SPECTRAL  BAND  STUDY 

The  primary  purpose  of  the  spectral  band  study  was  to  determine  the  ade- 
quacy of  the  specified  TM  bands  for  automatic  discrimination  of  agricultural 
crops,  as  a function  of  the  time  of  year  and  for  the  detection  of  non-systemlc 
crop  stress  such  as  corn  blight. 

The  bands  considered  In  the  study  were  the  twelve  M-7  bands,  which  cover 
the  spectrum  from  0.A5  pm  to  2.5  pni  plus  the  thermal  Infrared.  The  algorithm 
used  to  find  the  optimum  six  bands  tested  all  possible  combinations  of  six 
bands.  The  optimum  set  was  the  one  which  minimized  th<  measur<  used:  average 

pairwise  probability  of  mlsclasslflcatlon  averaged  over  all  pairs  of  signatures 
of  dissimilar  classes.  The  signature  set  used  for  each  of  the  four  data  sets 
was  that  extracted  from  the  32— meter  spatial  resolution  data  where  training  had 
been  carried  out  using  all  fields  In  the  scene  with  six  or  more  pure  pixels. 

Thus  the  selection  of  optimum  bands  was  based  on  an  exhaustive  iiearch  algorithm 
using  all  the  classes  and  spectral  variation  within  each  class  for  th:  s-ont  . 

As  a comparison  betwee.n  the  optimum  set  and  the  set  of  I'M  bands,  thi-  ERIM 
simulation  classifier  was  run  *’or  both  sets  of  bands.  To  determlm  tht  rei’^- 
tlve  Importance  of  each  band  In  the  optimum  subset,  rank  orderings  --re  ais 
carried  out.  These  results  are  summarized  In  Table  I". 

Several  particular  results  w-re  noted  from  the  analyses  carried  >ut^.^  Th 
first  Is  that  the  set  of  TM  bands  Is  as  effective  as  the  optimum  set  of  M-7 
bands  for  thj  times  of  year  studied.  Secondly,  when  analyses  of  spectral  bands 
for  detection  of  corn  blight  were  carried  out,  it  was  seen  that  thf  0.6--  .9>  pm 
band  was  the  most  Important  band  for  discriminating  between  b ' ight  1> v 
corn.  The  only  ot.ier  band  which  also  aided  in  this  discrimination  was  • n- 
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1.0- I.'l  um  band,  which  wan  seen  to  be  hlf'hly  cofi . lated  (r-  duridarit ) with  th> 
above  band  foi*  r.trens  discrimination. 

Thirdly,  the  thermal  band  was  seen  to  be  1 mp->rtant  ■ arly  In  th<  f'-Mwii.r 
season.  This  result  w.as  consistent  with  exp'r' merits  run  iurln;'  tlr  'tirn  Bll.-.ht 
Watch  Experiment  In  1971  1*1!.  In  fact,  the  rank  or-derlnK  oT  the  set  of  TM 

banas  for  the  mid-July  data  showed  that  the  thermal  band  was  seQ,,nii  In  iir,!  ,r_ 

tance  • — only  the  preen  band  (0.5"’-0.57  pm)  was  mor-e  Important  for  this  tl.-'i 

period.  However,  one  must  bear  In  mind  Ur  spatial  characteristic  :d'  tin 

thermal  band.  While  this  study  has  used  the  same  spatial  i-i  so  i ut  1 on  In  al! 
bands,  the  spatial  resolution  of  the  thermal  band  In  the  "’hi>matlc  Mapper'  has 
been  specified  to  be  three  to  four  times  that  of  th'  'ther  bands.  Tin  study 
cai’rled  out  to  di-termlrn  the  effi.-cts  of  coarser  thermal  resolution  had  shown 
a decrease  In  mensuration  accuracy  as  a result.  Here,  the  rank  ord'  r'nr  f 
bands  for  this  latter  case  ranked  the  larger  IFOV  ther'mal  band  fifth  arid,  mon 
Importantly,  predicted  that  Its  use  would  provide  1 ow  r levr  Is  of  noognli  l ai 
accuracy  than  would  be  obtained  from  a system  exhlbUing  a finer  r'.ioluMon 
thermal  band. 

An  additional  point  Is  that  the  two  M-7  neai'-IR  bands  (1 . a_ ! . ij  and 

2. 0- 2. 6 pm)  not  Included  In  the  TM  set  were  shown  to  be  Important.  In  [larM- 
cular.  In  ranking  the  sot  of  optimum  bands  11.  was  sc-en  that  the  4 pm 
band  Is  second  In  Impoj’tance  of  all  bands  for  tlu  ml  '-July  ;*11M)  data  S'  t . 


5.  CONCLUSIONS 

We  have  presented  the  results  of  a study  which  provl'ied  additional  .mp!."’- 
cal  evidence  for  the  definition  of  specifications  for  spac-craft  mult  I .■!'  ctra  i 
scanners.  The  results  were  derived  from  analyses  of  slmulat.'d  s-  usor  data 
representatlvf  of  U.S.  Corn  Belt  crops  as  vl-wod  at  three  different  times  In 
the  growing  season. 

Conclusions  Relating  to  .Spatial  Resolution  and  Radiometric  Sens  1 1 1 vl ty 

1.  This  study  provides  evidence  that  30-meter  or  *40-meter  .spatial  r>  S'  u- 

tion,  and  a TM  system  radiometric  sensitivity  of  half-percent  rofiei;tanv  'uld 
provide  significantly  better  performance  in  automatic  Information  • xtractlon 
for  agricultural  crop  sur/ey  applications  (partlcular'ly  corn  and  soybe'ms)  than 
coarser  resolution  or  l.-r.s  sensitive  systems  such  a.s  Landsat-l,  and 

2.  Improvement  In  the  area  mensuration  performance  as  a function  .'f 
spatial  resolution  In  the  range  of  30-90  meters  was  shown  to  be  la-  ^ly  d'. 
to  the  lesser  proportion  of  boundary  elements  (where  cla.'.  ■ ! f'er  per f'-ernano. 

Is  low)  at  finer  resolutions. 

3.  Improvement  In  per-formance  with  reduced  n-lse  l-v*  k,  In  th  range 

half-percent  to  one  and  a half-perc.-nt  Is  more  significant  : "ll'-r  't:  th- 

growing  season  and  with  more  difficult  discriminations.  B 'th  mensurat I .n  ar.d 
field  center  performance  are  affected. 

*1.  Radiometric  sensitivity  Is  of  ;reat  Imp  u-tan-c  when  d -fining  futi..- 
sensor  systems,  and  may  In  fact  be  equal  In  Imp-u'tance  with  .".patlal  lut  I m . 

5.  Thermal  band  resolution  of  120  meters  v.  a-,  shown  t<-  be  det  rlm*-i!r.a  i to 
performance  (when  It  would  be  used  with  othi-r  band.s)  In  -i-ep  surveys  C'>!ipar<-d 
to  thermal  band  resolution  equal  to  the  ithi r bands. 

Conclusions  Relating  to  the  Spectral  Banit.-. 

1.  The  six  TM  spectral  bands  sel-  cted  are  support  -d  by  this  st-  dv  a.s  t! 
best  six  bands  for  agricultural  surveys  of  corn  and  .-'^yberin.c  , ich  band  (Ifr  ■ 
ding  a fine  r. -solution  thei'mai  band)  l-'Ing  Imp.>rtant  -at  .-■.cm..?  i 1 in  the  ;-:r.  w'rig 

AQ7 


season.  The  TM  set  gives  essentially  the  same  performance  as  the  various  sets 
of  six  optimum  aircraft  scanner  bands  appropriate  to  each  time. 

2.  The  0. 7^-0. 91  pm  band  Is  Important  for  detection  of  crop  stress  con- 
ditions . 

Additional  Conclusion 


1.  Simulation  of  satellite  or  high  altitude  aircraft  scanner  performance 
using  low  altitude  aircraft  scanner  data  as  an  Input  Is  a powerful  systems 
analysis  technique. 
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TABLE  I.  SIMULATION  OK  TM  BANOS 


original 
OF  POOH  QUALlTii 


RECOMMENDED 
TM  BANOS 

SIMULATED  BANOS 
VIA  M-7 

0.  A5- 

0. 

52 

pm 

(0. 

C 

1 

. A9  urn)  + 

(O'. 

^B-0, 

.51 

pm) 

0.52- 

0. 

60 

pm 

(0, 

.52-0, 

.57  pm)  + 

(0. 

5^-0. 

.60 

pm) 

1 

m 

o 

0. 

69 

pm 

o 

1 

o 

.70 

pm 

0.7A- 

0. 

91 

pni 

0.69-0. 

.90 

pm 

1.55- 

1. 

75 

pm 

1.5-l.f 

i pm 

1 

O 

IP 

.5 

pm 

o.^-n. 

7 pm 

TABLE  II.  OPTIMUM  6 BANOS  KOR  INDIANA  CORN  BELT  DATA 


OPTIMUM  M-7  BANOS 


OVERALL  % 
CORRECT 
CLASSIFICATION 


OVERALL  * 
CORRECT 
CLASSIFICATION 
FOR  TM  BANDS 


DATA 

SET 

(IN  NUMERICAL  ORDER) 

OPTIMUM  ; 

BANDS 

(2. A. 7. 8. 10. 12)** 

Segment 

20A  , 

July  12 

(Aim) 

A, 7, 8. 9, 11, 12 

89.9 

88.0 

Segment 

20A, 

August 

5 (A?m) 

2, A, 7, 8, 11, 12 

92.6 

92.6 

Segment 

20A, 

August 

13  (A3M) 

GO 

96.  A 

. 9b.  P 

Segment 

212, 

August 

17  (A3M) 

2, A, 8, 9, 10. 11 

93.5 

93.0 

i 

Band  designations  are:  |6) 

1 * 

. A6-. A9 

A « .52-. 57 

7 » 

.61- 

.70 

10  - 

1 .5-1  . 8 

2 » 

. A8-.51 

5 • .5A-.00 

8 - 

.69- 

.90 

11  - 

2.0-.'.  6 

3 • 

.50-. 5A 

6 “ .58-. 65 

9 ® 

1.0- 

l.A 

12  « 

9.3-11.7 

TM  Baniis  1 and  ? wero  alnmlaLt'd  by  combining'  M-7  Bands  1 and  ?,  at.d 
A and  5 respect  1 vely . 
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FURTHER  TESTS  OF  THE  SUITS  REFLECTANCE  MODEL 


E.  W.  LeMaster 
J,  E.  Chance 

Pan  American  University 
Edinburg,  Texas 


ABSTRACT 


Experiments  performed  by  Allen  and  Richardson 
stacking  cotton  leaves  in  the  port  of  a spectroradiometer 
indicate  that  single  leaf  reflectance  ceases  to  vary  with 
more  than  two  leaves  in  the  visible  region  and  eight  leaves 
in  the  infrared  region.  Chance  and  LeMaster  have  shown 
that  the  Suits  spectral  reflectance  model  predicts  an 
asymptotic  dependence  of  crop  reflectance  on  leaf  area 
index  (LAI)  with  crop  reflectance  static  for  ,’eaf  area 
indices  in  excess  of  two  in  the  visible  region  i and  six  in 
the  infrared  regions  of  the  spectrum.  These  results  are 
experimentally  verified  in  the  field  for  Mi’.am  and  Penjamo 
spring  wheat,  and  a theoretical  relationship  is  discussed 
that  relates  crop  reflectance  at  650  nm  to  crop  canopy  LAI. 

Experimental  data  are  given  that  relate  observer 
zenith  angle  to  crop  reflectance  for  wheat.  The  Suits 
reflectance  model  calculations  for  wheat  fail  to  agree  with 
this  data. 


1 . INTRODUCTION 


Chance  and  LeMaster  [1]  have  shown  that  the  Suits  reflectance  model  pre- 
dicts a relationship  between  crop  reflectance  and  crop  leaf  area  index  (LAI). 
Unfortunately,  little  multitemporal  data  for  crop  reflectance  could  be  found 
with  which  to  test  this  relationship,  so  the  authors  embar)ced  on  an  experi- 
mental program  in  the  spring  of  1977  to  collect  the  necessary  data  for  wheat. 
This  paper  represents  preliminary  findings  of  that  study. 

2.  A REVIEW  OF  THE  SUITS'  MODEL 

The  Suits  models  for  vegetative  canopy  reflectance  result  from  a refinement 
of  the  model  of  Allen,  Gayle,  and  Richardson  (2)  to  give 


(a)  deterministic  formulations  for  all  input  parameters, 

(b)  a method  to  calculate  plant  canopy  reflectance  as  a function  ot 
sun  and  observer  angles, 

(c)  a multi-layer  plant  canopy. 


A three  compartment  model  is  developed  using  upward,  downward,  and  specular 
radiant  flux  by  using  energy  conservation  considerations.  The  upward  ditruse, 
downward  diffuse,  and  specular  flux  for  a single  wavelength  i are  denoted, 
respectively,  as  E,(+d,i,x),  E^(-d,i,x),  and  E>(s,i,x)  for  radiation  x units 
from  the  top  of  the  canopy  in  the  i-th  layer,  (i*l,2, . . . ,N) . Then  one  can  wri 


dEj^  (+d,  i,x) 
““3x 

dE;^  (-d,i,x) 
dx 

dE;^  (s,  i,x) 

Si 


-aj^E;^(+d,i,x)  +b^E;^(-d,i,x)  +c^E;^  (s,  i ,x) 
aiE^,-d,i,x)  -b^Ej  (+d,  i,x)  -c•iE;^  (s , i , x) 
K^Ej^  (s,i,x)  . 


(1) 
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The  five  parameters  a^^,  b^,  , and  are  calculated  as  functions  of 

the  sun  angle,  leaf  geometry,  and  optical  properties  for  leaves  taken  from  the 
i-th  layer  (3J. 

A solution  of  system  (1)  is  found  by  using  a combination  of  initial  and 
boundary  conditions.  Total  crop  radiance  in  the  direction  of  an  observer  is 
then  found  by  integration. 

The  resulting  model  for  crop  reflectance  shows  fair  agreement  with  wheat 
reflectance  data  collected  by  the  authors  from  O.SOMm  to  l.lOiim,  and  good  agree- 
ment with  wheat  reflectance  data  collected  by  Kanemasu  for  Scout  wheat  (41  as 
shown  by  Chance  in  [5].  On  the  other  hand,  model  calculations  and  experimental 
data  taken  from  a wheat  field  failed  to  show  agreement  for  the  change  in  crop 
reflectance  as  a function  of  sun  angle  (1). 

3.  A DISCUSSION  OF  THE  MODEL  DEPTH 


The  single  layer  Suits  model  indicates  that  crop  reflectance  changes  as  a 
function  of  crop  LAI.  In  the  infrared  region,  crop  reflectance  increases  as  LAI 
increases,  and  approaches  a limiting  reflectance,  R,„.  In  the  visible  ngion, 
crop  reflectance  decreases  as  LAI  increases,  and  again  approaches  an  asi-ipittic 
reflectance.  To  determine  practical  limits  at  which  reflectance  ceases  to  vary 
as  a function  of  LAI,  the  LAI  was  increased  in  the  model  by  varying  only  ti..' 
canopy  depth  x,  and  finding  the  smallest  depth  x,  called  the  model  depth,  at 
which  crop  reflectance  is  within  5%  of  infinite  reflectance.  Figure  1 is  a 
graph  of  the  relationship  between  crop  reflectance  calculations  and  canopy  depth 
for  (a)  850  nm  and  (b)  650  nm  using  cotton  plant  canopy  parameters.  Figure  2 is 
a plot  of  model  depth  as  a function  of  wavelength  for  cotton  canopy  parameters. 
The  Suits  model  calculations  predict  limiting  crop  reflectances  at  650  nm  and 
850  nm  for  crop  LAI  greater  than  2.13  and  6.11  respectively.  Model  depth  for  a 
canopy  has  a physical  interpretation.  Canopy  depths  in  excess  of  the  model 
depth  cause  only  minor  changes  in  crop  reflectance  and  are  a measure  of  the 
upper  limit  to  which  cumulative  leaf  area  index  affects  crop  reflectance.  Allen 
and  Richardson  (51  have  observed  phenomena  analogous  to  model  depth  by  stacking 
cotton  leaves  over  the  port  of  a spectrophotometer. 

4.  A RELATIONSHIP  BETWEEN  LAI  AND  CROP  REFLECTANCE 


In  what  follows,  it  is  necessary  to  refer  to  the  equations  found  in  Suits 
(3).  Equations  (18)  and  (20)  of  (3)  give  single  layer  crop  reflectance  as  a 
function  of  the  various  parameters  and  is,  for  all  practical  purposes,  unwieldly 
to  use.  These  equations  can  be  approximated  in  the  chlorophyll  absorption 
region  of  the  spectrum  by  (23)  in  (3),  that  is. 


1tL;^/Ex  (s,o) 


Ki+  kj 


exp(xj (Ki+kj) 1 + 


exp(Kj^Xj^+kj^x^lp  (soil)  . 


(2) 


This  equation  can  be  simplified  a great  deal  by  viewing  the  crop  from 
zenith  for  a fixed  sun  angle.  becomes  proportional  to  the  leaf  area 

index  of  the  crop,  so 


KiXf  + kj^Xj  = -an 

where  n is  the  crop  leaf  area  index  and  a is  a constant  to  be  determined. 
Further, 


Lim 

Ej^(s,o) 


Ki+ki 


where  R is  the  infinite  crop  reflectance. 


Thus,  if  one  denotes 


nL, 


R(n) 


E;^  (8,0) 

and  p(soil)  » Rs,  then  the  Suits  approximation  (2)  can  be  rewritten  as 


R(n) 


R„(l-e"®")  + Rg(e"a" 


(3) 


Equation  (3)  expresses  the  crop  reflectance  R(n)  as  a mixture  of  the  bare 
soil  reflectance  and  the  infinite  crop  reflectance,  since 

(l_e”ati)  +.  g-an  » i. 

This  relation  gives  crop  reflectances  near  to  the  reflectance  of  bare  soil  for 
low  LAI  and  crop  reflectances  near  to  the  infinite  reflectance  for  large  LAI. 
Equation  (3)  can  be  solved  for  the  leaf  area  index  n to  give 


-In 


R(n)  - R„ 


(4) 


an  equation  that  can  be  utilized  once  R„  and  the  proportionality  constant  a 
are  determined. 

R can  be  determined  experimentally  by  a method  analogous  to  the  leaf 
stacking  technique  devised  by  Allen  and  Richardson.  A portion  of  the  plants 
in  the  canopy  are  uprooted  and  stacked  in  a dense  pile  (large  I.AI)  over  a bare 
soil  background.  The  infinite  reflectance  R.,  can  thus  be  determined  by 
measuring  the  reflectance  of  this  plant  stack.  The  constant  a is  determined  by 
use  of  the  Suits  model.  Using  the  Suits  model  and  experimental  parameter  for 
cotton  it  was  found  that  at  650  nm 


1.05  R„  * R(n)  when  n = 2.13. 

While  this  condition  is  determined  by  use  of  cotton  parameters  in  the  Suits 
model,  it  has  been  found  by  use  of  wheat  parameters  in  the  Suits  model  that 
reflectance  in  the  visible  regions  ceases  to  vary  at  an  LAI  of  three  (5).  In 
any  case,  experimentation  with  the  plant  stack  mentioned  above  can  accurately 
determine  the  value  of  the  constant  a.  Once  R„  and  a are  determined  (4)  can  be 
used  for  a priori  estimates  of  crop  IJVI.  This  technique  is  currently  being 
evaluated  experimentally  by  the  authors,  and  is  felt  to  be  a viable  alternative 
to  the  standard  techniques  of  plant  sampling  to  determine  LAI.  Crop  reflectance 
taken  from  the  field  either  in  a single  determination  by  aircraft  or  satellite 
or  in  multiple  determinations  with  a hand  held  radiometer,  enables  one  to  non- 
destructively  sample  the  crop  condition  throughout  the  entire  field,  thereby 
reducing  the  variability  caused  by  the  traditional  small  area  determinations  of 
LAI . 


It  is  of  interest  to  note  that  (3)  can  be  rewritten  as 
R(n)  = (R,  - Rg)  e-an  + R„ 

from  which  it  can  be  seen  that  if  the  crop  infinite  reflectance  equals  the  bare 
soil  reflectance,  R(n)  does  not  vary  as  a function  of  crop  LAI  but  equals  R„  for 
all  n.  In  this  case,  the  model  depth  is  zero,  which  occurs  as  seen  in  Figure  2 
at  about  680  nm. 


5.  EXPERIMENTAL  RESULTS  FOR  LAI 

Two  irrigated  test  plots  at  the  USDA,  ARS  Experimental  Farm  in  the  Lower 
Rio  Grande  Valley  of  Texas  were  seeded  at  60  kg/hectare  with  Milam  and  at  90 
kg/hectare  with  Penjamo  wheat  on  November  30  and  December  6,  1976,  respectively. 


Weekly  determinations  were  made  of  the  following  crop  parameters;  LAI,  single 
leaf  reflectance  and  transmittance,  crop  spectral  reflectance.  Suits  model 
parameters,  directional  reflectance  at  550  nm  and  850  nm,  and  bare  soil 
spectral  reflectance.  Results  shown  here  are  a result  of  this  study. 

Leaf  area  index  values  were  found  weekly  by  removing  plants  from  a 
measured  distance  along  at  least  two  rows  and  calculating  the  ratio  of  the 
total  leaf  area  (found  by  direct  measurement  on  a Hayaski  Denko  optical  plani- 
meter)  to  the  ground  area  of  the  plants.  The  Penjamo  LAI  values  ranges  to  a 
high  of  about  6 while  the  Milam  values  were  a maximum  of  9.  The  larger  value 
for  Milam  was  a result  of  the  greater  tillering  of  the  Milam.  LAI  for  both 
crops  seem  quite  high,  but  are  reasonable  from  consideration  of  the  mild  wet 
winter  in  south  Texas  in  1976-77  and  the  high  seeding  rates  used  in  this 
experiment . 

Relative  reflectance  values  were  determined  in  50  nm  increments  using  a 
wedge-filter  type  radiometer  (ISCO  Model  SR)  equipped  with  a 1.8m  fiber  optics 
probe.  The  radiometer  field  of  view  to  half  maximum  was  13®:  the  spectral  band- 
width was  15  nm  in  the  visible  and  30  nm  in  the  ir.  Reflectances  were  deter- 
mined from  a 5.7  meter  tower  relative  to  a standard  pa'isl  coated  with  barium 
sulfate-based  paint  (Eastman  Kodak  White  Relfectance  Coating,  #6080). 

It  was  previously  observed  by  the  authors  [1]  that  the  Suits  model  for  a 
single-layer  wheat  canopy  predicts  an  exponential  dependence  of  reflectance  on 
LAI  as  shown  in  Fig.  1.  Experimental  data  is  presented  in  Fig.  3 for  Milam 
650  nm  reflectance  versus  leaf  area  index  and  850  nm  reflectance  versus  leaf 
area  index  is  shown  in  Fig.  4.  The  general  trends  at  both  wavelengths  are  in 
agreement  with  the  Suits  model.  The  650  nm  reflectance  shows  a clear  expo- 
nential behavior,  approaching  an  infinite  reflectance  of  about  0.03.  The  850  nm 
reflectance  values  approach  a value  of  about  0.55  but  do  not  appear  to  have  a 
clear  exponential  behavior.  The  decrease  of  650  nm  reflectance  with  increasing 
LAI  is  due  to  the  lower  value  of  the  single  leaf  reflectance  at  that  wavelength 
compared  to  the  soil.  Increasing  the  LAI  decreases  the  reflectance  by  covering 
the  soil.  Likewise  the  increase  in  reflectance  at  850  nm  with  LAI  is  caused  by 
single  leaf  reflectance  values  being  greater  than  the  soil  background.  An 
additional  factor  that  can  account  for  the  dissimilarity  in  the  rates  at  which 
the  reflectance  curves  of  Fig.  3 and  Fig.  4 approach  their  asymptotes  is  that 
leaves  at  650  nm  are  highly  absorbing  (-80%  of  radiation  striking  them)  and  at 
350  nm  the  absorptance  is  low  (-5%). 

The  data  of  Fig.  3 for  650  nm  show  less  scatter  than  the  data  of  Fig.  4 for 
large  LAI.  The  relatively  small  scatter  in  Fig.  3 is  due  to  the  high  absorp- 
tance of  all  plant  components  causing  an  insensitivity  of  the  reflectance  to  LAI 
measurements  greater  than  3.  The  fact  that  all  reflective  components  of  the 
canopy  have  about  the  same  optical  properties  at  650  nm  also  means  the  canopy 
reflectance  does  not  change  as  stems  and  heads  develop  during  the  latter  part  of 
the  growing  season.  The  850  nm  reflectance  in  Fig.  4 shows  scatter  due  to 
errors  in  LAI  measurements  because  of  the  sensitivity  of  crop  reflectance  to  LAI 
values  less  than  7.  The  850  nm  reflectance  of  single  leaves  is  considetably 
lower  than  for  stems  and  heads  HI.  The  crop  reflectance  will  therefore  show  a 
sensitivity  to  stem  and  head  development  at  850  nm  as  the  crop  matures.  The 
data  of  Fig.  4 shows  a clear  exponential  rise  of  reflectance  with  Uil  for  LAI 
values  up  to  6 similar  to  the  one  layer  Suits  model  of  Fig.  1.  The  data  indicate 
that  stem  and  head  development  became  prominent  in  the  canopy  for  LAI  greater 
than  7,  thereby  accounting  for  the  further  increase  in  reflectance  for  LAI 
greater  than  6. 


6.  EXPERIMENTAL  RESULTS  FOR  OBSERVER  ANGLE  EFFECTS 

The  dependence  of  reflectance  on  sun  angle  for  Penjamo  wheat  was  pre- 
sented in  (11.  The  experimental  data  at  550  and  850  nm  showed  that  crop 
reflectance  for  wheat  increased  with  sun  zenith  angle  while  the  Suits  model  pre- 
dicted that  crop  reflectance  decreases.  The  dependence  of  the  reflectance  of 
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Penjamo  wheat  on  observer  angle  shows  similar  behavior  - an  1"  Fia^^r 

tance  with  observer  zenith  angle  for  fixed  sun  angle.  This  is  shown  in  = 

for  850  nm  and  Fig.  6 for  550  nm.  The  Suits  model  calculations  shown  in  these 
figures  predict  a^decrease  in  reflectance  with  increasing  observer  zenith  angles 
which  does  not  agree  with  experimental  observations. 

The  failure  of  the  Suits  reflectance  model  to  correctly  predict  bidirec- 
tional ref!ectILe  trends  for  sun  and  observer  angles  can  be  attributed  to  two 
sources, 

(a)  Those  parameters  in  the  Suits  model  that  contain  observer  or 
sun  angle  dependencies.  These  parameters  need  to  be  modified. 

(b)  The  Suits  model  is  based  on  the  assumption  that  leaves  are 
ISimbertian  reflectors.  Breece  and  Holmes  [61  have  shown  that 
with  specular  irradiance  leaves  are  non-lambertian  reflectors, 
a fact  that  cannot  be  ignored  on  the  top  surface  of  a plant 
canopy - 

7.  CONCLUSIONS 

The  Suits  model  shows  good  qualitative  agreement  with  experimental  data  on 
rcflecLnce  versus  LAI  and  suggests  a technique  for  the  remote  sensing  of  leaf 
area  index  at  650  nm.  The  sun  angle  and  observer  angle  dependence  ot  the 
reflectance  of  wheat  is  not  correctly  accounted  for  by  the  Suits  model  thus 

the  model  needs  modification.  The  model  is  in  best  agreement  . 

data  at  small  sun  and  observer  zenith  angles,  and  at  these  angles  reasonable  t 
good  spectral  reflectance  calculations  have  been  obtained. 
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DEPTH  (CM) 

Figure  1.  The  relation  between  canopy  depth  and  reflectance  (iiL/E) 
calculated  from  the  Suits  model  at  (a)  850  nm  in  the  upper  curve  and 
(b)  650  nm  in  the  lower  curve  for  a cotton  canopy.  The  horizontal 
asymptotes  are  the  infinite  canopy  reflectance. 


VWWELENGTH  (NM) 


Figure  2.  The  model  depth  for  a cotton  canopy  as  a function  of  the 
wavelength.  The  scale  on  the  right  is  LAI. 


MILAM  650  NM 


Figure  3.  Milam  wheat  reflectance  at  650  nm  as  a function  of  LAI 
Values  are  weekly  measurements  from  emergence  through  soft  dough 
stage,  Dec.  7,  1976,  through  March  14,  1977.  Sun  angles  and  sky 
conditions  were  variable. 
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Figure  4.  Milam  reflectance  at  850  nm  as  a function  of  LAI. 
Details  the  same  as  Fig.  3. 
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Figure  5.  Penjamo  wheat  reflectance  at  850  nm  as  a function  of 
observer  zenith  angle.  The  LAI  was  4.1  and  the  sun  zenith  angle 
was  52°  at  3:25  pm;  the  observer  direction  was  toward  the 
west . 


Figure  6. 
observer 


Penjamo  wheat  reflectance  at  550  nm  as  a function  of 
zenith  angle.  Other  parameters  the  same  as  Fig.  5. 
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ABSTRACT 

Color-infrared  photography  was  used  to  evaluate  the 
biomass  of  experimental  plots  in  an  old-field  ecosystem 
that  was  treated  with  different  levels  of  waste  water  from 
a sewage  treatment  facility.  Cibachrome  prints  at  a scale 
of  approximately  1:1,600  produced  from  35  mm  color  infra- 
red slides  were  used  to  analyse  density  patterns  using 
prepared  tonal  density  scales  and  multicell  grids  regis- 
tered to  ground  panels  shown  on  the  photograph.  Correla- 
tion analyses  between  tonal  density  and  vegetation  bio- 
mass obtained  from  ground  samples  and  harvests  were  car- 
ried out.  Correlations  between  mean  tonal  density  and 
harvest  biomass  data  gave  consistently  high  coefficients 
ranging  from  0.530  to  0.896  at  the  0.001  significance 
level.  Corresponding  multiple  regression  analysis  re- 
sulted in  higher  correlation  coefficients.  The  results 
of  this  study  indicate  that  aerial  infrared  photography 
can  be  used  to  estimate  standing  crop  biomass  on  waste 
water  irrigated  old  field  ecosystems.  Combined  with 
minimal  ground  truth  data,  this  technique  could  enable 
managers  of  wastewater  irrigation  projects  to  precisely 
time  harvest  of  such  systems  for  maximal  removal  of  nu- 
trients in  harvested  biomass. 

INTRODUCTION 

Farm  lands  on  marginal  soils  have  been  abandoned  over  much  of  the  United 
States.  These  relatively  inexpensive  and  underutilized  lands  represent  ideal 
resources  for  renovation  of  municipal  wastewater.  This  wastewater  renovation 
relies  on  the  ability  of  soils  to  sorb  phosphorus  and  heavy  metals  and  the 
ability  of  plants  to  remove  nitrogen  by  incorporation  in  their  biomass.  The 
uptake  of  nitrogen  by  plants  is  essential  since  microbial  conversion  of  organic 
and  ammonium  nitrogen  to  the  easily  leached  nitrate-nitrogen  form  occurs  rapid- 
ly under  the  rather  ideal,  high  moisture  and  carbon  conditions  associated  with 
wastewater  irrigation.  Improperly  managed  systems  can  result  in  NO3-N  leach- 
ates that  exceed  the  generally  accepted  drinking  water  standard  of  10  mg/1  re- 
sulting in  groundwater  contamination.  Thus,  uptake  of  N in  vegetation  and  its 
subsequent  harvest  and  removal  from  the  site  is  an  integral  part  of  a well  man- 
aged land  irrigation  wastewater  system. 
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The  timinq  of  harvest  is  also  critical  since  nitrogen  content  of  plant  tis- 
^^rlines  Is  qrowth  slows.  The  ideal  harvest  combines  maximal  biomass  re 

of  Sn-site  plant  biomass  estimates.  This  calibrated,  remotely  sensed  data  would 
be  a valuable  aid  in  management  of  such  system.^. 

There  are  several  studies  which  indicate  that  the  ^Pe^^ral  reflectance 
characteristic  of  a plant  canopy  can  be  used  to  estimate  standing  plant  bio- 
mass (ref  2-4  6-10).  These  studies  have  shown  that  the  magnitudes  o g » 

rerair^ar  i^fLred  reflectance  and/or  reflectance  ratio  co^inations  involv- 
ing thee  wavelengths  can  be  used  for  standing  plant  spectral 

der  some  conditions.  More  sophisticated  approaches,  using  "'^^hematical  spectral 

U,h;  ii  ti.  r^3  .nd  n..r  Inf^.red  wavelength,, 

and  there  is  evidence  that  these  techniques  can  be  used  to  estimate  rel  t 
standing  crop  biomass  (ref.  6,  8)  as  well  as  crop  vigor  (ref.  8). 

The  institute  of  Water  Research  at  Michigan  State  f 

is  studying  the  feasibility  of  wastewater  recycling  by  abandoned  old  field  ec 

systems.  The  ecosystems  being  studied  consist  of  ^ sp  ) being 
with  ouackorass  (Aqropyron  repens)  and  goldenrod  (Soli^^  g£.)  g 

m“on  of  mixed  grass  and  weed  canopies  typical  “°^^^tudy  wal  to 

MATERIALS  AND  METHODS 

Field  Plots-The  experimental  old  field  ecosystem  was  divided  i"to  four 

: r'lsE  p"!.'?  d"-d“s  i^i'?i:.isi;g"cre“p?pi. 

pe°l5;in5  !o  li/w^rff  Within  ..nh  irrigation  ■ “".if" 

thus  each  tr^tment  was  duplicated  in  each  of  4 experimental  blocks 

rJS/EriLn”;:J"Lirrni^:trrrS:t:"^nr.“p:«i'r.L?s 

wastewater  and  a June  and  September  harvest.  These  harvest  , ^s 

HE?.SLS'di;i5:^”f.‘M^ir£rh;ojr:-i,  iSj  rrii» 

plots  with  a^ June-only  harvest,  and  4 with  a June  and  September  harvest. 

Sutrient  analyses.  Dry  weight  biomass  accumulation  was  calculated  from  these 
random  quadrant  samples. 

The  harvest  plots  were  harvested  with  a ^VStSi^^'we^^  ‘ 

Prior  to  harvest,  three  subsamples  consisting  of  9,1  m x 0.76  m strips  were 
taken  from  both  harvest  and  non-harvest  plots  using  a small  tractor  and  han 
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equipment.  All  vegetation  on  each  strip  was  weighed  for  wet  weight  determina- 
tion of  harvest  biomass.  Subsamples  were  dried  for  moisture  determination  so 
that  dry  weight  biomass  could  be  calculated.  The  June  and  September  harvest 
plots  were  harvested  again  on  September  3,  1976  and  harvest  subsamples  were  ta- 
ken from  all  plots  using  the  same  technique. 

PHOTOGRAPHIC  ANALYSIS 

The  plots  were  photographed  from  a light  plane  on  four  different  occasions 
from  May  to  September  in  the  summer  of  1976,  nearly  concurrent  with  field  sam- 
ple or  harvest  dates.  The  photographs  were  taken  using  a 35  mm  Nikon  camera  at 
f5.6  and  l/500th  second.  Kodak  Extachrome  infrared  film  was  used  with  a Wrat- 
ton  12  filter.  Two  cibachrome  prints  (20  x 26  cm)  at  a scale  of  approximately 
1:1,600,  were  produced  from  a selected  35  mm  color- inf rared  slide  of  each 
flight. 

The  last  three  imageries  were  fairly  similar  in  tone  to  each  other,  being 
uniformly  dark  reddish-purple,  particularly  over  the  treatment  blocks.  The 
first  imagery,  taken  in  mid-May  1976,  was  light  orange-pink.  The  vegetation 
cover  was  not  yet  full  and  soil  was  visible,  appearing  bluish  in  tone.  In  gen- 
eral the  control  blocks  were  more  open  than  the  treatment  blocks  in  all  four 
photographs.  Their  tonal  appearances  were  also  generally  darker  due  to  more 
soil  being  visible,  although  this  contrast  was  less  in  the  May  imagery  than  in 
the  later  imagery. 

An  eight  and  a five-level  tonal  density  scale  was  established  for  the  May 
imagery  while  only  a five- level  scale  was  set  for  the  other  three  imageries. 
"Standard”  tonal  chips  were  then  prepared  from  one  of  the  prints  of  each  set. 

Transparent  multicell  grids  of  variable  densities  were  produced  in  order  to 
determine  the  optimum  grid  density  for  photo  interpretation. 

With  these  grids  registered  to  ground  panels  shown  on  the  photographs  and 
using  the  tonal  density  scales,  the  tonal  density  value  of  each  cell  of  the  grid 
is  recorded,  thus  giving  a series  of  tonal  values  for  each  plot.  This  was  re- 
peated with  different  grid  densities.  In  order  to  reduce  bias,  interpretation 
with  each  set  of  grids  was  carried  out  on  different  days,  and  in  order  to  retain 
continuity  and  uniformity,  interpretation  for  each  grid  size  was  done  on  one 
day. 

ANALYSIS  AND  RESULTS 

Simple  Correlation  Analysis — A mean  tonal  value  was  calculated  for  each 
photo  plot  from  the  tonal  values  of  each  grid  cell.  Pearson  correlation  analy- 
sis was  carried  out  between  mean  tonal  density  and  plot  biomass.  Table  1 sum- 
marizes the  results  of  the  analysis  using  the  5-19-76  and  6-11-76  imagery  with 
different  grid  sizes  and  tonal  density  levels. 

Table  1 shows  that  correlations  between  mean  tonal  density  and  sample  bio- 
mass were  consistently  low  and  statistically  not  significant.  Correlation  co- 
efficients ranged  from  as  low  as  0.001  to  as  high  as  0.41.  Correlations  with 
the  6-5-76  sample  data  were  generally  better  than  the  5-22-76  sample  data  using 

the  5-19-76  imagery.  This  tends  to  indicate  that  the  imagery  has  a better  capa- 

bility for  predicting  older  vegetation  biomass  than  that  of  younger  vegetation 
biomass.  In  other  words,  the  imagery  tends  to  reflect  future  conditions  of  the 
ecosystem  better  than  present  conditions. 

Correlations  of  mean  tonal  density  and  harvest  data  were  consistently  bet- 
ter in  all  cases  and  were  also  statistically  significant  at  a minimum  of  a 5% 

significance  level.  Moreover,  correlation  coefficients  with  wet  weight  biomass 
wore  also  consistently  higher  than  with  dry  weight  biomass.  Whereas  correla- 
tions with  dry  weight  biomass  ranged  from  0.53  to  0.69,  correlations  with  wet 
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weight  biomass  ranged  from  0.57  to  0.86.  This  reflects  that  the  reflectance  of 
the  vegetation  as  recorded  by  the  infrared  imagery  is  an  indication  of  the  whole 
living  biomass  of  the  plants  including  water,  and  not  just  the  dry  organic  mat- 
ter. 


There  appears  to  be  no  relationship  between  grid  density  and  correlation 
coef 'icient.  Even  eyeballing  the  whole  plot,  without  using  any  grid  gave  com- 
parable correlation  coefficients.  There  also  appears  to  be  no  consistent  dif- 
ference between  using  a five  level  and  an  eight  level  tonal  density  scale.  In 
view  of  these  results,  it  was  concluded  that  a five  level  tonal  density  scale 
is  better  as  it  would  be  easier  to  apply.  A 4 x 5 (20  cell)  grid  is  recommended 
as  twenty  readings  will  offset  any  random  errors  in  tonal  estimation  and  would 
also  allow  analysis  by  multiple  regression  techniques. 

Multiple  Regression  Analysis — The  multicell  interpretation  of  each  plot  al- 
lows the  use  of  multiple  regression  techniques  to  analyze  the  relationship  be- 
tween tonal  density  and  biomass.  A multiple  regression  analysis  is  a more  valid 
analytical  procedure  with  this  data  as  the  tonal  density  levels  are  ordinal 
data.  The  use  of  a mean  of  an  ordinal  data  for  correlation  analysis  is  statis- 
tically invalid.  The  multiple  regression  technique  overcomes  this  limitation  as 
it  does  not  use  the  tonal  density  level  values  but  uses  the  frequencies  of  each 
tonal  density  level  per  plot  as  the  independent  variables. 

The  use  of  multiple  regression  is  also  hypothetically  justified  as  the  to- 
tal biomass  of  the  plot  can  be  visualized  as  the  weighted  sum  of  the  biomass 
represented  by  each  tonal  level.  Thus  the  frequencies  of  each  tonal  level  will 
more  truly  reflect  any  relationship  between  biomass  and  tonal  density. 

Table  2 gives  a summary  of  the  multiple  regression  coefficients  for  the 
5-19-76  and  6-11-76  imagery  using  different  grid  densities  and  tonal  density  le- 
vels. In  order  to  overcome  the  linear  relationship  between  the  independent  var- 
iables, one  independent  variable  is  not  used  in  the  regression  model. 

A comparison  between  Tables  1 and  2 will  show  that  the  multiple  regression 
coefficients  were  generally  better  than  the  corresponding  simple  correlation  co- 
efficients. Multiple  regression  coefficients  with  wet  biomass  ranged  from  0.6 
to  0.9  and  were  all  significant  at  the  1%  level.  The  higher  regression  coeffi- 
cients mean  that  a greater  part  of  the  variability  of  the  dependent  variable  can 
be  explained  using  the  multiple  regression  analysis  than  with  a simple  regres- 
sion analysis.  However,  although  the  multiple  regression  technique  gives  higher 
regression  coefficients,  there  are  more  parameters  to  be  estimated  in  the  multi- 
ple regression  than  in  a simple  regression.  Thus  caution  must  be  exercized  be- 
fore one  chooses  the  multiple  regression  model  over  the  simple  regression  model 
as  a predictor  model  (Draper  and  Smith,  ref.  5).  Therefore  each  regression  model 
must  be  analysed  before  a choice  is  made.  However,  the  multiple  regression  an- 
alysis is  statistically  valid  and  the  use  of  a multicell  grid  in  the  interpre- 
tation offers  the  opportunity  of  overcoming  the  invalid  use  of  ordinal  data  in 
regression  analysis. 

Analysis  of  6-29-76  and  9-2-76  Imager^--Af ter  the  24  treatment  plots  were 
harvested  on  6-1B-76,  the  unharvested  plots  were  re-photographed  on  6-29-76, 
while  the  regrowth  on  the  treatment  plots  were  re-harvested  and  re-photographed 
on  9-2-76.  Interpretation  was  done  using  a 20  cell  (4  x 5)  grid  with  a five 
tonal  density  level  for  the  control  (6-29-76  imagery)  and  treatment  plots 
(9-2-76  imagery) . 

The  results  of  a simple  and  multiple  regression  analysis  is  given  in  Table 
3. 
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REGRESSION  COEFFICIENTS  OBTAINED  WITH  6-29-76  and  9-2-76  IMAGERY 


Simple 

Correlation 

Coef f . 

Multiple 

Regression 

Coe  f f . 

Photo  Date 

6-25-76 

Sample 

9-2-76 

Harvest 

(Dry) 

9-2-76 

Harvest 

(Wet) 

6-25-76 

Sample 

'9-1^76 

Harvest 

(Dry) 

9-2-76 

Harvest 

(Wet) 

6-29-76 

.328 

.55* 

.65* 

.70 

.72 

.80* 

9-2-76 

— 

.90“ 

.88* 

-- 

.91** 

.89** 

* Significant  at  5%  level. 

“Significant  at  1*  level. 

The  above  results  reflect  similar  relationships  as  obtained  earlier,  in 
spite  of  the  lower  number  of  cases.  Correlations  with  harvest  data  were  higher 
than  the  simple  correlation  coefficients  but  the  lack  of  statistical  signifi- 
cance is  due  to  the  low  degrees  of  freedom  (only  12  cases) . In  spite  of  only 
24  cases  for  the  9-2-76  imagery,  both  the  simple  and  multiple  regressions  gave 
highly  significant  results,  but  the  correlation  with  dry  weight  biomass  is 
slightly  better  than  wet  weight  biomass,  which  is  contrary  to  the  general  ten- 
dencies shown  earlier. 


CONCLUSIONS 

The  results  of  this  study  show  that  low  altitude  35  mm  color  infrared  im- 
agery taken  as  early  as  one  month  before  harvest  can  be  used  to  estimate  the 
relative  standing  biomass  of  an  old  field  ecosystem  irrigated  with  wastewater. 
Correlations  of  mean  tonal  density  values  and  quadrant  sample  dry  weight  bio- 
mass data  were  low  and  statistically  not  significant,  as  was  also  the  case  be- 
tween early  sample  biomass  data  and  final  harvest  biomass  data.  However  cor- 
relations with  wet  weight  biomass  data  were  better  than  with  dry  weight  biomass 
data  in  nearly  all  cases.  The  use  of  a five  level  tonal  density  scale  gave  sim- 
ilar results  as  an  eight  level  tonal  scale.  The  use  of  different  grid  densities 
did  not  appear  to  affect  the  correlations,  as  even  eyeballing  the  tonal  density 
level  of  the  whole  plot  gave  comparable  results. 

The  use  of  a multicell  grid  however,  offers  the  use  of  multiple  regression 
analysis  of  the  data.  The  use  of  the  mean  tonal  density  level  value  in  a cor- 
relation analysis  is  statistically  invalid  as  the  tonal  density  levels  are  ordi- 
nal data.  Use  of  multiple  regressions  overcomes  this  important  statistical  lim- 
itation as  the  analysis  uses  the  frequencies  of  grid  cells  with  each  tonal  den- 
sity level  in  each  plot.  Multiple  regression  analysis  also  results  in  higher 
regression  coefficients  in  all  cases. 

It  should  be  reemphasized  that  the  wastewater  irrigated  old  field  ecosystem 
had  quackgrass  and  goldenrod  as  the  dominant  plant  species.  There  are  reports 
in  the  literature  of  problems  in  correlation  reflectance  data  with  standing 
plant  biomass  when  the  plant  communities  are  not  dominated  by  grass  species.  In 
the  case  of  a wastewater  irrigated  ecosystem,  however,  quackgrass  often  becomes 
more  dominant  the  longer  the  system  is  under  irrigation.  Thus,  our  ability  to 
estimate  biomass  should  increase  each  year  the  system  is  under  irrigation. 

The  results  of  this  study  indicate  that  aerial  infrared  photography  can  be 
used  to  estimate  standing  crop  biomass  on  wastewater  irrigated  old  field  eco- 
systems. This  technique,  when  combined  with  minimal  ground  truth  data,  should 
allow  managers  of  wastewater  irrigation  projects  to  precisely  time  harvest  of 
such  systems  for  maximal  removal  or  nutrients  in  harvested  biomass. 
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TABLE  1 ; SUMMARIZED  CORRELATION  COEFFICIENTS  FOR  ANALYSIS  j 

OF  5-19-76  AND  6-11-76  IMAGERY  | 

FIELD  DATA  DATES  j 

6-15-76“  6-15-76' 


Photo  Date 

# of  Levels 

Grid 

Size 

5-22-76 

Sample 

6-5-76 

Sample 

Harvest 

(Dry) 

Harvest 
(Wet ) 

1. 

5-19-76 

5 

(6x7) 

grid 

0.0341 

0.2018 

0.6086** 

0.8196** 

2. 

5-19-76 

5 

(5x6) 

grid 

0.1418 

0.2724 

0.6108** 

0.7352** 

3. 

5-19-76 

5 

(4x5) 

grid 

0.0479 

0.3973* 

0.6787** 

0.8403** 

4. 

5-19-76 

5 

(3x4) 

grid 

0.0627 

0.3292* 

0.6483** 

0.7932** 

5. 

5-19-76 

8 

(6x7) 

grid 

0.0111 

0.3380* 

0.6583* 

0.8583* 

6. 

5-19-76 

8 

(5x6) 

grid 

0.0011 

0.4135* 

0.6221** 

0.8431** 

7. 

5-19-76 

8 

(4x5) 

grid 

0.0288 

0.3101* 

0.6407** 

0.8221** 

8. 

5-19-76 

8 

(3x4) 

grid 

0.0951 

0.3567* 

0.6644** 

0.7636** 

9. 

6-11-76 

5 

(6x7) 

grid 

— 

— 

0.6646** 

0.8621** 

10. 

6-11-76 

5 

(5x6) 

grid 

— 

— 

0.6724** 

0.8603** 

11. 

6-11-76 

5 

(4x5) 

grid 

— 

— 

0.6894** 

0.8612** 

12. 

5-19-76 

5 

EYEBALL 

0.0350 

0.3681* 

0.5339** 

0.7718** 

13. 

6-11-76 

5 

EYEBALL 

— 

— 

0.6913** 

0.8575** 

* Significant  at  5%  level. 

**  Significant  at  1%  level. 
Note ! Number  of  cases  = 36. 
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THE  EFFECT  OF  SOIL  WATER  DEFICIT 
ON  THE  REFLECTANCE  OF  CONIFER  SEEDLING  CANOPIES 

L.  Fox  III* 


Humboldt  State  University 
Areata,  California 


ABSTRACT 

The  effects  of  soil  water  deficit  on  spruce 
and  pine  seedling  canopy  ref lectance, needle 
reflectance  and  transmittance,  and  canopy  density 
were  measured  in  a greenhouse  with  a diffuse 
source  of  radiant  flux.  A potential  for  early  or 
pre-visual  detection  of  plant  water  stress  was 
not  supported  bv  these  measurements  made  at 
visible,  and  reflected  infrared  wavelengths  to 
1950  nm.  Needles  were  found  to  transmit  approxi- 
mately thirty  percent  of  the  radiant  flux  incident 
on  them  at  780  nm,  ten  percent  at  700  nm,  and  were 
found  to  be  opaque  at  A50,  550,  600  and  650  nm. 


1.  PURPOSE  AND  JUSTIFICATION 

The  purpose  of  this  experiment  was  to  measure  the  variation  in  conifer 
seedling  canopy  reflectance,  needle  hemispherical  reflectance  and  transmit- 
tance, and  needle  density  and  orientation  associated  with  differing  levels 
of  soil  water  potential. 

High  altitude  Images  of  dense  conifer  plantations  often  lack  significant 
relief  displacement,  pattern,  texture,  and  size  and  shape  characteristics  of 
the  tree  crowns  which  have  been  recognized  as  necessary  image  qualities  for 
analyzing  forest  ecosystems  (Haack,  1962  and  Wilson,  1967).  Therefore,  the 
value  of  remote  sensing  for  forest  land  management  depends  increasingly  on  the 
information  obtainable  from  radiance  data  alone  as  platform  altitude  becomes 
higher.  An  understanding  of  the  causes  of  observed  variations  in  forest  canopy 
reflectance  is  necessary  as  a first  step  towards  the  reliable  extraction  of 
forest  parameters  from  high  altitude  images.  Tissue  necrosis  associated  with 
severe  and  prolonged  periods  of  soil  water  deficit  has  been  observed  to  modify 
needle  reflectance  and  thereby,  canopy  reflectance  very  significantly  (Heller, 
1971)  . Symptoms  of  attack  by  many  forest  insects  or  pathogens  are  similar  to 
those  induced  by  moisture  stress  (Weber  and  Olson,  1967  and  Talboys,  1968)  and 
such  attacks  may  also  alter  canopy  reflectance.  Potted  seedlings  were  used  to 
slm.ulate  a forest  canopy  and  measure  the  effects  of  soil  water  deficit  on 
canony  reflectance  during  a prolonged  period  of  stress.  The  plant  water  stress 
induced  by  a limited  watering  of  the  soil  contained  in  the  seedling  pots  was 
planned  to  simulate  the  effects  often  induced  by  forest  insects  or  pathogens  as 
well  as  those  induced  by  soil  water  deficit  occurring  in  the  natural  environ- 
ment . 

*The  author  wishes  to  acknowledge  financial  support 
from  the  University  of  Michigan  for  this  project. 
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mat>netlc  radiation,  the  Sblect  Lenl  and  the  Jen  ® r"  electro- 
years (Spurr.  1948  and  Olson  1962)  In  for  many 

ments  were  made  only  when  the  entire  hJmisJhLrorJr"'^.:  '‘^fl^otance  measure- 
source  of  radiant  flux  passing  through  S roof  of  Provided  a diffuse 

solar  zenith  angle  effects  were  eliminated  ^nder  rh  Azimuth  and 

duclng  data  collection  requirements  and  ^ diffuse  source  thereby  re- 

between  changes  in  canopy  ref lectJncI  °f  intera^ion 

variation  and  changes  caLed  by  water  strips  angle 

in  this  experiment,  was  thought  to  be  sensitive  ro  reflectance,  measured 

pflectance  and  transmittance  Ld  to  chanfL  7 granges  in  needle 

brought  about  by  increasing  soil  waL^  defi^.u  Percent  vegetation  cover 


2.  experimental  design 


seedlings'^were^used^iPgJeenKouse'JtudUs^as'*  spruce  (Picca  canadensis  Mill.) 

and  single  needle  conifers,  respectivel^  leedM representing  fascicled^ 
measupd  on  five  treatment  group^foreLh  I reflectance  was 

greenhouse.  Needle  hemisphLical  Lflect^nce  i^e 

vegetation  cover  (the  perUntaee  of  th^  and  transmittance  and  percent 

measured  for  each  grou?  Each  grouo  Sf  covered  by  the  canopy)  were 

different  levels  of  soil  water  no?enr?fi  subjected  to 

After  two  and  a half  months  of  trJatmJnt  at’^diff  r watering  schedule, 

were  repeated  and  the  changes  in  parameLrJ  levels  all  measurements 

This  repeated  measures  design  made  it  nossihVf  ^ calculated  for  each  group, 
measured  parameters,  occurrLg  amone  th^  ° variations  in  the 

experiment,  from  the  experimental  dfsijn.®  initiation  of  the 

analysis  flong  a continJ^'^of '^the^average’^miSC^  organized  for 

during  a group's  watering  cycle  CoLiSslon« water  potential  achieved 
variance  of  the  changes  associated  with  ^ analysis  of 

the  treatments  could  be  ranked  and  auantlfl^H^  strengthened  because 

water  potential  obtained  in  TcySe^  An  [Jtf;v^?  ^^e  minimum 

peraitted  a graphical  study  of  the  trends ^aJsociJtld"^^!?^  treatments  also 

potential.  A maximum  alpha  level  of  0 05  wao  decreasing  soil  water 

among  the  groups  in  an  analysis  of  varia^rmoder'’  !n  indicate  significance 
parisons  were  made  between  the  changes  in  seeHifh  possible  pairwise  com- 

experiment  reflectance  minus  pre-explrimen^rf n <P°«t- 

of  seedling  canopies  measured  usin^Soh^ffb  °f  the  groups 

intervals  to  test  the  null  hypothesis  tSat  di'f?^^  simultaneous  confidence® 
changes  for  a given  pair  of  groups  werfeoufl  tPP'^^"  the  mean  reflectance 
was  used  to  test  the  null  hypothLis  th-it^thJ  in^^cpendent  t-test 

ted  for  each  group  was  equal  to  zero.  ' reflectance  change  calcula- 

covariancrmodirtrJdjusrfor'"prl-tream^  analyzed  using  the  analysis  of 

comjjarisons  were  made  between  percent  v^>oe^  .^tiation.  All  possible  pairwise 
ment  variation,  using  Scheffi-tvo^rLff^  • adjusted  for  pre-trea^ 

design  was  identical  for  both  the  pine  intervals.  The  experimental 

following  methods  were  applied  in  ?he  s^me  ^^^to  bot^  .Jjfcier"'"" 

3 . METHODS 

mass  intact^to  2o‘^cm''diamLerpLs tL'^potr}^^^ 

allowed  to  acclimate  to  the  greenhouse  envi  ‘ plants  were 

by  greenhouse  gardeners  untif^^veZr  soi? 

ine  soil  in  the  pots  was  main- 
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and  SO  cm  long  <Ffg„„  j,  J"*'  touchins.  mnklng  a canopy  arcanSnt 
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4.  RESULTS  AND  DISCUSSION  ' 

The  reflectance  of  the  pine  and  spruce  canopies  changed  in  a similar  manner 
and  only  the  pine  data  will  be  discussed  at  length.  The  plants  In  Groups  1.  2, 
and  3 seemed  to  be  growing  normally  at  the  end  of  the  experiment  and  were  appa- 
rently not  adversely  affected  by  the  soil  water  deficit  experienced  during  the 

experiment.  The  reaction  of  the  plants  in  Group  4 was  mixed.  All  plants  1 

appeared  to  be  dead  in  Group  5 as  all  of  the  foliage  had  turned  yellow-brown  by  ' 

the  end  of  the  experiment.  Changes  in  pine  canopy  reflectance  measured  from  a 
vertical  view  (Figure  2)  showed  a general  downward  trend  with  decreases  in 

potential  at  780  nm  and  an  upward  trend  at  all  other  wavelengths.  Reflectance  i 

changes  in  Group  5 were  always  significantly  different  from  the  other  groups  I 

and  the  most  significant  separation  between  groups  occurred  at  650  and  780  nm. 

Tfie  analysis  of  variance  was  significant  at  everv  wavelength.  Focusing  on  | 

group  reflectance  ch.anges  from  zero,  the  Group  T canopv  reflectance  change  was  ^ 

significantly  greater  than  zero  at  550.  700,  and  780  nm.  Groups  2 and  3 reflec-  i 

tance  changes  were  not  significantly  different  from  zero  except  at  650  and  ‘ 

700  nm  where  a positive  significant  change  occurred  for  Group  2.  Reflectances 
in  Groups  4 and  5 changed  significantly  from  zero  at  all  wavelengths.  Fine 
seedling  canopy  reflectance  observed  from  a fortv-five  degree  view  did  not 
change  as  greatlv  as  the  vertical  view  data.  A clear  trend  in  the  relationship 

between  soil  water  deficit  and  reflectance  change  was  onlv  present  at  high  | 

levels  of  stress  where  positive  changes  in  reflectance  became  larger,  except 

at  780  nm  where  a clear  trend  was  not  evident  at  any  level  of  stress.  [ 

The  percent  vegetation  cover  of  pine  canopies,  as  affected  bv  the  minimum 

water  potential  obtained  in  each  group  is  shown  in  Figure  3.  Pine  seedlings  I 

did  not  flush  during  the  experiment  and  since  needles  were  fullv  extended 
during  the  previous  growing  season,  all  changes  in  percent  cov'er  were  caused  by 
needle  orientation  changes  vdrooping)  except  in  group  1.  Twe  plants  died  in 
Group  1 and  reserve  pine  seedlings  of  differing  size  and  geometric  configuration 
replaced  them.  Needle  droop  began  to  become  apparent  in  Groups  4 and  5 
especially  after  the  needles  had  turned  yellow-brown.  Defoliation  was  almost 
non-existent  for  the  pine  seedlings.  Vegetation  cover,  as  observed  from  a 
vertical  view,  showed  a nonsignificant  increase  from  its  original  1 jvel  until  a 
water  potential  of  about  minus  twenty-five  bars  was  reached  and  then  decreased 
significantly.  The  forty-five  degree  view  had  a similar  p-^ttern  with  the 
Increase  continuing  until  about  minus  sixty  bars  and  then  decreasing.  Diffe- 
rences between  groups  were  not  significant' at  the  forty-five  degree  view  angle. 

Pine  needle  total  hemispherical  reflectance  and  transmittiince  were  measured 
before  and  after  the  experiment.  There  appeared  to  be  no  differences  between 
groups  evident  in  the  before-treatment  d.ata.  The  among  group  variation  was  no 
larger  in  the  pre-experiment  data  than  that  shown  in  the  post-experiment  data 
for  Groups  1-4  (Figures  4 and  5).  The  post-experiment  data  clearlv  showed 

reflectance  changes  from  the  pre-experiment  reflectance  values  for  onlv  the  ■ 

lowest  levels  of  potential  (i.e..  Group  5).  Group  5 foliage  appeared  to  be 

dead,  vellow-brown  in  color,  while  the  other  foliage  represented  by  the  graphs 

appeared  to  be  alive,  green  in  color.  Evidence  is  present  to  suggest  an  ordered 

increase  in  reflectance  at  550  and  1700  nm  for  Groups  1 through  4 but  this  could 

not  be  tested  statistically  because  the  data  were  not  replicated.  Only  live 

foliage  is  plotted  fer  Group  4 although  five  of  the  eight  plants  in  that  group 

apparently  died,  theit  foliage  turning  yellow-brown,  the  dead  foliage  in  Group  4 

was  assumed  to  have  a reflectance  pattern  equal  to  that  shown  for  Group  5. 

There  was  a negative  relationship  between  percent  vegetation  cover  (Figure 
3)  and  vertical  view  canopv  reflectance  (Figure  2)  in  the  visible  wavelength 
region  where  the  background  was  more  reflective  than  the  needles  (Figure  4) 
especially  at  650  nm.  Canopy  reflectance  was  primarily  a function  of  percent 
cover  for  Groups  1 through  3 as  needle  reflectance  was  unchanged  at  the  minimum 
levels  o^  soil  w.ater  potential  experienced  in  these  groups  (greater  than  minus 
twentv-five  bars).  Reduced  cover  and  increased  needle  reflectance  contributed 
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to  the  large  increases  in  canopy  reflectance  evident  in  Groups  4 and  5.  This 
trend  was  reversed  at  780  nm  as  the  background  was  less  reflective  than  the 
needles  (Figure  4)  and  needle  reflectance  decreased  slightly  at  780  nm  as 
necrosis  occurred  in  the  plants  experiencing  high  (minus  sixty  bars)  levels  of 
soil  water  deficit.  The  reflectance  data  for  the  forty-five  degree  view  show 
that  upward  trends  associated  with  increased  soil  water  deficit  were  diminished 
relative  to  the  vertical  view  data.  Reductions  in  pine  percent  cover  were 
mainly  caused  by  needle  droop  which  reduced  horizontal  foliage  area  (recorded 
from  the  certical  view)  more  than  the  combination  of  horizontal  and  vertical 
foliage  area  observed  from  the  forty-five  degree  view. 

The  reflectance  of  the  spruce  seedling  canopies  changed  in  a manner  similar 
to  the  pine  canopies.  Upward  trends  in  canopy  reflectance  at  a vertical  view 
associated  with  an  increasing  soil  water  deficit  were  present  at  all  wavelengths 
for  spruce  canopies.  The  downward  trend  at  780  nm  noted  for  pine  canopy 
reflectance  was  not  present  in  the  spruce  data  as  infrared  foliage  reflectance 
was  lower  than  background  reflectance  rather  than  higher  as  it  was  in  the  pine. 
As  a result,  decreases  in  foliage  cover  produced  increases  in  canopy  reflectance 
at  all  wavelengths . There  was  essentially  no  difference  in  the  spruce  reflec- 
tance changes  recorded  at  a vertical  view  and  those  measured  at  a forty-five 
degree  view  angle.  Reduction  in  spruce  vegetation  cover  was  caused  by  defolia- 
tion rather  than  drooping. 


5.  CONCLUSIONS 

As  inferred  from  seedling  canopies  under  a diffuse  light  source,  canopy 
density  has  a highly  variable  effect  on  canopy  reflectance.  When  background 
reflectance  is  lo’ver  than  foliage  hemispherical  reflectance,  as  it  was  for  pine 
seedling  canopies  at  780  nm,  canopy  reflectance  decreased  with  reduced  vegetation 
cover.  The  opposite  was  true  when  background  reflectance  was  higher  than 
needle  reflectance,  as  it  was  for  pine  seedlings  at  visible  wavelengths  and 
spruce  seedlings  at  visible  and  infrared  wavelengths.  If  conditions  are  similar 
to  those  experienced  in  the  pine  study,  the  780  nm  band  provides  an  important 
reverse  trend  in  reflectance,  and  should  be  included  as  a channel  of  remote 
sensor  operation,  possibly  used  in  a ratio  with  a visible  band  that  would 
maximize  sensitivity  to  changes  in  vegetation  cover  The  infrared  band  does  not 
provide  unique  information  if  the  background  is  mere  reflective  than  the  foliage 
in  the  Infrared  as  well  as  in  the  visible  bands. 

Nothing  could  be  found  to  support  an  argument  for  early  or  pre-visual 
detection  of  water  stress  in  pine  seedlings  by  measuring  the  changes  in  canopy 
reflectance  and  explaining  canopy  reflectance  changes  from  observed  variations 
in  vegetation  cover.  Needle  hemispherical  reflectance  or  transmittance  did  not 
change  at  any  wavelength  until  tissue  necrosis  (death,  as  inferred  from  yellow- 
brown  foliage  color)  occurred  and  changes  in  the  visible  bands  were  almost  as 

large  as  those  occurring  at  any  other  wavelengths  measured,  including  infrared  ‘ 

water  absorption  bands  (1425  and  1950  nm) . Conclusions  were  identical  for  the 
spruce  needles . 
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Fir;URE  1.  SEEDLING  ARRANGEMENT.  A dia- 
gram of  the  experimental  set-up  for 
measuring  canopy  spectral  reflectance 
The  radiometer  (A)  is  shown  set  for  a 
45°  view  measurement  of  seedling 
canopy  (B)  reflectance.  The  pots  (C) 
are  shown  overlaid  with  the  poster  board 
background  (D)  used  to  provide  constant 
backuround  reflectance. 
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FIGURE  2.  PINE  CANOPY  REFLECTANCE  CHANGES.  A graphical  presentation  of  the 
trends  in  the  mean  reflectance  changes  measured  for  the  pine  seedling  canopy 
at  a vertical  view  angle.  Reflectance  changes  are  plotted  over  the  minimum 
soil  water  potential  obtained  in  each  treatment  group  for  six  wavelengths. 


FIGURE  3.  PERCENT  VEGETATION  COVER.  A plot  of 
adjusted  mean  percent  vegetation  cover  for  the  pine 
canopy  at  a vertical  and  45°  view  angle.  Adjusted 
means  are  plotted  upon  the  minimum  level  of  soil 
water  potential  obtained  for  each  treatment  group 
during  a watering  cycle . 
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FIGURE  4.  PINE  NEEDLE  REFLECTANCE.  A plot  of  pine 
needle  reflectance  as  measured  after  the  conclusion 
of  a ten  week  application  of  various  levels  of  soil 
water  stress  to  each  group.  Dotted  line  is  the  re- 
flectance of  the  poster  board  background  laid  under 
the  seedling  canopies.  Curves  are  hand  fitted 
through  the  data  points  obtained  from  the  adjusted 
graphical  output  of  the  Beckman  radiometer.  Group 
numbers  are  listed. 
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FIGURE  5.  PINE  NEEDLE  TRANSMITTANCE.  A plot  of 
pine  needle  transmittance  as  measured  after  the 
conclusion  of  a ten  week  application  of  various 
levels  of  soil  water  stress  to  each  group.  Curves 
are  hand  fitted  through  the  data  points  obtained 
from  the  adjusted  graphical  output  of  the  Beckman 
radiometer.  Group  numbers  are  listed. 
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Visual  interpretation  of  an  image  or  P»'°tograph  generally  progres^^  from 

the  observation  of  a fev  n^lysis^of  multispectral  data  may 

a delineation  in  greater  detail.  Digital  ^^^ber  of  spectrally 
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^fc^rsUf rs'p-ticSiL?ruslLfirtre\nIlysis  "of  spectral  data  from  a land- 
scape where  little  or  no  ground  observation  data  are  available. 
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visual  examination  of  color  composite  images  (scale  1:250,000)  suggested 
that  it  would  be  reasonable  to  classify  the  study  area  into  20  to  25  spectral 
classes.  Using  a nonsupervlsed  classification  algorithm,  analysts  produced  a 
computer  printout  map  (scale  1:50,000)  consisting  of  25  spectrally  separable 
classes.  With  limited  ground  observation  data  and  a careful  consideration  of 
the  spectral  statistics  of  the  25  classes  obtained  from  nonsupervlsed  classi- 
fication, a set  of  training  samples  for  13  new  classes  was  selected.  With 
this  training  set  a supervised  classification  algorithm  was  used  to  produce  a 
map  of  13  new  classes  representing  the  following  features: 

1.  Vertisols,  dar)i  swelling  clays  in  the  floodplain,  non-vegetated 

2.  Vertisols,  darlc  swelling  clays  in  the  floodplain,  vegetated,  natural 

3.  Alfisols,  upland  clay  plain,  medium  density  savanna  woodland,  acacia 
species  dominant 

4.  Alfisols,  upland  clay  plain,  sparse  vegetative  cover,  grasses 
predominant 

5.  Shallow  sands  on  Alfisols,  medium  to  sparse  vegetative  cover 

6.  Deep  sands,  cultivated  standing  crop,  mostly  millet 

7.  Deep  sands,  cultivated,  harvested,  little  residue  remaining  from 
peanuts,  sesame 

8.  Deep  sands,  uncultivated,  medium  density  grass  cover 

9.  Dense  green  vegetation,  irrigated  fields  in  Vertisols  of  floodplain 

10.  Dense  green  vegetation,  trees  along  main  channels  of  floodplain 

11.  Water  of  reservoir,  deep,  little  or  no  aquatic  vegetation 

12.  Water  of  reservoir,  dense  aquatic  vegetation 

13.  Urban  areas,  villages. 

A qualitative  field  evaluation  of  these  classification  results  from  1972 
data  was  made  in  Novemtjer  1976.  Obviously  it  was  impossible  to  reconstruct 
the  conditions  and  land  use  of  the  area  as  it  was  in  1972.  However,  the  field 
evaluation,  which  included  both  ground  Inspection  and  aerial  reconnaissance 
from  an  altitude  of  1500  meters,  indicated  that  recognition  and  delineation 
of  important  soils,  vegetation,  water,  and  land  use  features  had  been  quite 
accurate.  It  was  concluded  that,  had  more  and  better  ground  observation  data 
been  available  for  training  samples,  more  features  could  have  been  identified 
and  mapped  spectrally. 
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ABSTRACT 


A method  is  proposed  for  using  clear  lakes  as  dark  back- 
grounds against  which  the  atmospheric  path  radiance  can  be 
determined  from  satellite  observations.  If  the  path  radiance 
can  be  determined  to  sufficient  accuracy,  the  atmospheric 
extinction  can  be  inferred  with  suitable  radiative  transfer  models. 

An  extensive  program  of  observation  has  been  made  to 
determine  the  magnitude  and  variability  of  the  various 
contributors  to  the  total  radiance  observed  by  a satellite. 


It  is  sho%^  that  the  volume  and  surface  reflectance 
contributions  (in  the  absence  of  sunglint)  are  small,  constant, 
and  can  be  modelled  accurately  enough  to  make  these  an  insignif- 
icant source  of  error.  The  sunglint  radiance  observed  in  this 
investigation  may  be  a significant  source  of  error. 

Comparison  of  observed  path  radiances  with  those  calculated 
by  the  Turner-Spencer  (1972)  model  show  systematic  differences 
which  could  be  explained  either  by  systematic  errors  in  the 
calibration  of  the  observations  or  by  shortcomings  of  the  model. 


It  is  shown  that  atmospheric  extinction  can  be  inferred 
from  the  path  radiance  observation  after  systematic  differences 
between  the  model  and  observations  are  removed. 


The  individual  sources  of  error  in  the  path  radiance  and 
extinction  coefficient  estimates  are  determined,  and  the  total 
error  in  these  estimates  is  calculated,  with  and  without  sunglint. 
It  is  shown  that  the  technique  proposed  here  could  be  an  accurate 
and  reliable  means  of  estimating  path  radiance  and  atmospheric 
extinction  from  satellite  observations  over  clear  lakes. 


1 . INTRODUCTION 


One  of  the  fundamental  requirements  of  remote  sensing  is  the  ability  to 
measure  intrinsic  properties  of  the  target  of  interest  with  a minimum  of 
confusion.  In  the  case  of  multisoectral  remote  sensino,  one  wishes  to  <n  e 
the  spectral  reflectivity  of  targets  in  the  scene  from  their  spectral 
radiances  as  measured  bv  the  remote  sensor.  The  oresence  of  the  earth  s 
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atmosphere  significantly  complicates  this  task,  especially  with  satellite 
observations . 

A list  of  symbols  and  definitions  used  in  this  paper  is  given  in  Table  I. 

The  radiance  observed  by  a satellite  in  a given  spectral  band  can  be 
written  as: 

^sat  = »sun  cos  r^  exp(-  ^cos  Z^^^j 

(1) 

* “sky  "^d  exp  (-T /cos  Z^^^,  t 

where  r is  the  bidirectional  reflectivity  for  collimated  irradiance  and  r, 
is  the  ^ reflectivity  of  diffuse  irradiance.  If  one  assumes  that  r^  ■ r^  r, 
one  can  solve  for  r: 

- <^sat  ' ^p^  ^sat> 

“tot 

whore  wo  have  written 

H.  . = H®  exp(-T/co2  Z ) cos  Z „ + H . , (3) 

tot  sun  ^ ' sun  sun  sky 

Hence  to  obtain  an  estimate  of  the  reflectance  of  a target  we  must  first 
subtract  the  path  radiance,  L , which  is  the  radiance  scattered  into  the  line 
of  sight  by  the  atmosphere.  ?hen  we  can  multiply  by  the  correction  factor, 
exp(Vcos  Z ...  the  total  downwelling  irradiance  on  a horizontal 

surface,  depends  weakly  on  the  extinction  coefficient  t and  can  be  estimated 
from  radiative  transfer  theory  once  ' is  known.  Thus,  there  are  two  important 
variables,  L and  t,  which  are  necessary  to  convert  observed  radiances  into 
intrinsic  reflectances.  Furthermore,  L and  t can  be  related  through  radiative 
transfer  theory,  although  accurate  results  then  require  additional  information 
such  as  the  phase  function  of  atmospheric  scatterers  (Turner,  Malila,  and 
Nalepka , 1971) , 


2.  PROPOSED  METHOD 


The  method  proposed  here  is  to  use  the  numerous  oligotrophic  (low-nutrient 
level)  lakes  in  the  Canadian  Shield  as  standard  dark  backgrounds  against  which 
the  atmospheric  path  radiance  can  be  measured.  Then  the  extinction  coefficient 
could  be  estimated  through  suitable  models.  Although  this  method  would  not  be 
applicable  for  scenes  lacking  oligotrophic  lakes,  it  is  hoped  that  a better 
understanding  of  the  variability  of  some  atmospheric  parameters  would  result 
from  the  application  of  this  technique. 

The  radiance  observed  over  a water  body  at  satellite  altitudes  is  the  sum 
of  a number  of  terms: 
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Figure  1 is  a schematic  representation  of  the  various  terms  in  equation  (4), 
while  Figure  2 shows  the  relative  magnitude  of  the  four  terms  contributing  to 
the  total  radiance  in  the  four  LANDSAT  bands  for  a typical  day  (May  27,  1976). 


To  estimate  the  path  radiance  from  the  satellite,  it  is  necessary  to 

subtract  (L  , ♦ L , + L ) T » L,  . T;  that  is,  the  radiance  of  the  lake 
vol  surf  g lake 

times  the  atmospheric  transmission.  As  shown  in  Figure  2,  this  is  a small 
correction,  so  relatively  large  errors  can  be  tolerated.  Under  high  winds  and 
high  solar  elevation,  however,  the  radiance  due  to  sunglint,  L , can  become 
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a significant  source  of  error.  This  is  discussed  further  in  Section  5.7. 

Radiative  transfer  theory  allows  one  to  calculate  the  path  radiance 
expected  at  satellite  altitudes  if  the  extinction  coefficient,  i,  is  known  for 
each  wavelength.  (Turner,  Malila,  and  Nalepka,  1971;  Turner  and  Spencer,  1972). 
Therefore,  if  one  calculates  L for  a number  of  different  t's  for  the  geometry 
appropriate  for  a particular  oBservation,  the  observed  L can  be  used  to  infer  t 
from  the  table.  ^ 

The  Environmental  Research  Institute  of  Michigan  (ERIM)  radiative  transfer 
model  of  Turner  and  Spencer  (1972)  was  chosen  for  this  investigation  because  it 
was  well  documented  in  the  literature,  gave  good  results  for  other  investigators, 
and  was  relatively  easy  to  implement. 


3.  THE  OBSERVATIONS 

In  order  to  verify  the  method  of  atmospheric  parameter  estimation  proposed 
in  Section  2,  a comprehensive  program  of  ground,  airborne,  and  satellite 
observations  was  undertaken  to  test  the  assumptions  and  models.  The  observat- 
ional program  included: 

A.  Airborne  observations  of  the  total  upwelling  radiance  in  the  four  LANDSAT 

bands  over  nine  lakes  in  the  Canadian  Shield  north  of  Ottawa  to  verify  their 

spatial  and  temporal  homogenity  as  dark  background  targets. 

B.  Colour  and  black  and  white  aerial  photography  to  record  the  sunglint  pattern 
and  any  anomalous  colours  which  could  indicate  eutrophic  water. 

C.  Ground  observations  on  and  near  one  lake  (McGregor  Lake)  of 

L , , L , + L ,,  and  L , in  the  four  LANDSAT  bands.  Sky  observations 

sky  surf  vol  vol  ■' 

were  made  in  Ottawa  on  days  of  LANDSAT  1 overpasses  when  the  sky  was  partly 
cloudy . 

D.  Wind  speed  and  direction  for  sunglint  calculations. 

E.  Wide  angle  (170°)  colour  photography  of  the  sky  to  record  the  sky  condition 

at  the  times  of  observations  and  aircraft  and  LANDSAT  overpasses. 

F.  Water  colour  measurements  with  a submersible  photometer  to  verify  the 
temporal  invariance  of  McGregor  Lake  underwater  reflectances. 

G.  LANDSAT  observations  in  the  form  of  false  colour  prints  and  computer 
compatible  tapes. 

Table  II  is  a log  of  dates  and  observations. 

The  airborne  radiance  measurements  were  made  with  the  CCRS  Miller-Pieau 
Photometer  (MPPH)  , a four  channel  nadir  viewing  radiometer  which  also  measures 
the  total  downwelling  irradiance  by  means  of  a diffuser  on  the  roof  of  the 
DC-3  aircraft.  (Miller  and  Pieau,  1975). 

The  airborne  photography  was  taken  with  two  Vinten  70  mm  cameras  with 
3 inch  focal  length  lenses,  loaded  with  Kodak  2445  colour  negative  and  2405 
black  and  white  film.  McGregor  Lake  was  also  photographed  with  a Wild-Heerbrugg 
RC-10  9 inch  x 9 inch  camera  with  an  88  mm  focal  length  lens  and  Kodak  2405  film. 
On  September  12th,  the  Vinten  cameras  were  not  available  and  the  RC-10  had  a 6 
inch  focal  length  lens  and  Kodak  2445  film. 

The  ground  radiance  and  irradiance  observations  wore  made  with  a Bendix  RPMI 
radiometer.  Photography  was  obtained  with  a Nikkormat  EL  35  mm  came 'a  with  a 
Fisheye-Nikkor  16  mm  focal  length  lens.  Wind  speed  and  direction,  and  air 
temperature  were  recorded  with  a Meteorology  Research  International  Mechanical 
Weather  Station. 
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4 , CALIB’IATION  OF  THE  SENSORS 


4.1  BENDIX  RPMI  filK»r 

Th,  B.ndi«  BPII  1=  a r.dio.at.r  .Ith  a white 

wheel  contalnih?  '?"'  stgeal  is  a.pllfied  and  11?P‘a»h? 

(Roqers  and  Peacock,  197.).  P ions  the  diffuser  views  a hemisphere, 

on  L analog  meter.  For  ^^-«^^^"‘=®^°5t“rinrtubrcan  be  attached  which  restricts 
while  for  radiance  observations  the  RPMI  with  and  without  the 

the  field  of  view.  The  a g National  Research  Council  of  Canada 

collimating  tube  was  measured  by  th  . ootics  the  radiance  response  is  not 

f?om  ?he"innefwlll  of  the  Lbe,  which  is  black  anodized  aluminum  with  no 
baffle . 

The  radiance  response  of  the  white  ir'Figure*3!''^Thit  can  introduce 

ideal  cosine  response  at  This  error  can  be  corrected  if  the 

!i-J“ncrirconlm^?erinfcC^^^^  of^r^niL^' 

S^heret%he  Tp^f  slgnal^ould  be  .80  of  its‘expected  value,  because  of  the 
diffuLr  deviation  from  cosine  response. 

The  RPMI  was  calibrated  gested’^by^Ro^^  and  Peacock  (1973). 

irradiance  calibration  was  P« fwlde  rangl  of  zenith  angles  on 
The  solar  irradianc  , __iAr  irradiance  at  zero  air  mass, 

-Hi'"’'  'rhf ot  m th.  .Oh,  UihhShT  band.  W.. 

:;“;i.t.d  ltd.  .h.h..h„.;a  ,U7.,  data  Oh 

r/fhi-ratlbtl'or't^cto'  '.o'b  :""”br„d.  Th...  a„  uat.d  Ih  TabfS  ni. 

. a.  . 4-Ho  RPMT  wer6  ineasur6ci  with  a Gaituna 

The  radiance  calibration  factors  -trial  number  AG126.  The  radiance 

scientific  Model  220-ID  Til 

calibration  constants  are  given  in  Table  III. 

4,2  MILLER-PlEAU  PHOTOMETER 

1 'K.-  = *-ir.n  of  the  MPPH  was  performed  using  the 
The  radiance  and  irradiance  a clouLfree  day,  the  RPMI  and 

RPMI  as  a reference  refl4ctance  panel  exposed  to  direct  sun- 

^^"“^’^Thrre^ativfmetL  readings  were  recorded,  allowing  a radiance  calibr- 
ation'of  the  MPPH  via  the  RPMI  radiance  calibration. 

Similarly  for  This”allowed  an 

were  mounted  horizontally  an  RPMI  irradiance  calibration.  The 

S^irdfanre^a^rIrrad!L^rc”nratto^  are  given  in  Table  III. 

4 . 3  LANDSAT 

a values  were  converted  to  a linear  scale  with  all 

LANDSAT  compressed  digital  valu  sensor  using  the  procedure 

sensors  in  each  band  equalized  t Guertin  (1975).  The  corrected  digital 

described  by  Strome,  Vishnubhatla,  ^nd  Guer  ^ Goddard  Space  Flight  Center 
values  were  then  converted  to  radiances  L^DSAT  image  processing  system 

procedure  (Thomas,  1975)  -"""^^^^iJ^birctiibrSiorLta iLtead,  data  from 

is  not  able  to  obtain  all  of  th  available  to  calculate  the  gain  and 

only  eight  calibration  wedges  per  seen  resulting  uncertainty  in  gain 

offLt  of  the  reference  sensor  for  each  band.  ^ 2Se  level 

and  offset  estimates  are  shown  in  Table  III. 

(8  bit)  scale. 
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5.  ANALYSIS  OF  THE  OBSERVATIONS 

5.1  ATMOSPHERIC  EXTINCTION 

The  solar  irradiance,  H , was  measured  frequently  on  each  day  of  observa- 
tions. The  extinction  coefficient,  i , in  each  LANDSAT  band  can  be  calculated 
from  each  observation  of  from  the  equation: 

, = <»^n>  ~ *“sun^  (6) 

^un 

For  six  relatively  cloud-free  dates,  the  extinction  coefficient  at  the  time 
of  LANDSAT  overflight  was  calculated  as  an  average  of  several  independent 
estimates  of  t near  the  time  of  LANDSAT  overflight.  These  are  listed  in 
Table  IV. 

The  mean  t for  the  six  days  and  the  standard  deviation  of  the  average  are 
given  at  the  bottom  of  Table  IV.  These  mean  t >s  agree  well  with  values  for 
standard  atmosphere  given  by  Valley  (1965) . 

5.2  MEAN  BACKGROUND  ALBEDO 

The  Turner-Spencer  (1972)  model  requires  an  estimate  of  the  mean  bac)cqround 
albedo  o^thfarL  over  which  the  path  radiance  is  to  be  calculated.  For  our 
worlc  we  estimated  these  from  digital  LANDSAT  data  using  the  formula: 


P " ”Lsat/‘«sun  ’'sun’ 

where L , is  the  average  radiance  of  a 512  x 512  LANDSAT  pixel  ^rea  centered  near 
M^Gregl?  La)ce.  There  were  no  significant  changes  on  -r—  tliroughout  the  per 
from  Lv  27,  1976  to  September  30,  1976,  so  the  average  values  given  in  Table  V 
were  used  for  all  model  atmosphere  calculations  in  this  experiment.  The  errors 
quoted  are  the  standard  deviation  of  a single  estimate  of  -p— . 

5.3  TOTAL  AND  DIFFUSE  DOWNWELLING  IRRADIANCE 

The  total  irradiance,  and  the  diffuse  irradiance,  were  measured 

frequently  as  part  of  the  ground  observations.  H^.^^  was  measured  with  the  RPMI 
diffuser  adjusted  to  the  local  horizontal.  H^^^  was  measured  by  shading  the 
RPMI  diffuser  with  a 5 cm  occulting  dis)c  held  approximately  1 m away,  subtending 
of radianfor  approximately  2J*.  Figure  3 shows  the  ratio  of  the  observed  H^^, 
to  that  predicted  by  the  Turner  radiative  transfer  model,  using  the  extinction 
coefficients  given  in  Table  IV. 

Piaure  3 also  shows  the  ratio  of  the  actual  diffuser  response  to  the  desired 

cosine  response.  We  see  that  the  ratio  of  observed  to  ies'sligh? 

follows  the  same  form  as  the  ratio  of  actual  to  ideal  response,  but  lies  sligh  y 
below.  This  is  what  we  would  expect,  since  the  greatest  contribution  to  H,.^^ 

H cos  Z . The  remaining  discrepancy  is  due  to  diffuse  (sky)  irradiance 
which  is  cllculated  by  the  Turner  model  but  not  measured  because  of  the  deviation 
of  the  diffuser  from  ideal  cosine  response. 


The  ratio  of  the  measured  to  the  predicted  sky  irradiance  was  a: 
for  all  of  the  s)ty  irradiance  observations.  This  ratio  does  no  vai 
antly  with  solar  zenith  angle,  nor  with  wavelength.  The  average  of 
for  all  observations  were  .46  * .08.  So  only  46  per  cent  of  the  ir 
expected  from  the  Turner  model  is  actually  observed. 
factors  contributing  to  this  shortfall.  The  first  is  the  deviation 
diffuser  response  from  the  ideal  cosine  function.  As  discussed  in 
this  would  result  in  a measurement  of  only  80  per  cent  o the  act 
slcy  irradiance,  , for  a uniformly  illuminated  hemisphere.  The 

is  the  solar  aureolL  Much  of  the  energy  which  goes  into  11^^^  is  1 
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ry  signific- 
this  ratio 
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second  factor 
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through  very  small  angles.  This  appears  as  a bright  halo,  or  aureole  around  the 
sun.  Since  our  occulting  disk  subtended  2.5  , at  the  diffuser,  and  the  sun  only 
subtends  0.5,  much  of  the  aureole  light  near  the  solar  limb  will  be  blocked  by 
the  occulting  disk.  But  in  the  sense  that  the  sky  irradiance,  should 

represent  the  quasi-uniform  diffuse  sky  irradiance,  the  aureole  light  should  be 
omitted,  since  it  comes  from  a small  area  in  the  vicinity  of  the  sun. 


5.4  LAKE  RADIANCES 

Airborne  photographic  and  radiometric  data  were  obtained  on  three  nearly 
clear  days  over  nine  lakes  spread  over  a 20  km  (E-W)  by  30  km  (N-S)  area 
centered  approximately  30  km  north  of  Ottawa.  Photographic  data  were  obtained 
on  a fourth  date. 

Table  VI  lists  the  mean  value  and  standard  deviation  of  the  lake 

reflectance  for  ten  flight  lines  over  the  nine  lakes,  where  = ^iake'^*^tof 

The  variations  in  among  the  three  days  are  due  to  changing  sky  conditions. 

Most  of  the  lake  radiance  is  surface  reflected  sky  radiance,  which  is  quite 
sensitive  to  atmospheric  extinction,  while  the  total  irradiance,  is  not. 

Therefore,  we  see  significant  increases  in  on  hazy  days  like  June  ]4,  but 

remains  nearly  invariant. 

It  appears  that  the  lakes  form  a homogeneous  class  of  dark  reflectors  as 
was  originally  intended.  These  lakes  were  chosen  from  many  having  very  low  band 
7 signals  on  1975  LANDSAT  images.  Thus  it  appears  that  relatively  simple 
procedures  can  be  used  to  find  lakes  suitable  for  the  proposed  atmospheric 
correction  procedure. 

Table  VII  shows  the  average  radiance  of  McGregor  Lake  from  airborne  observa- 
tions taken  within  10  minutes  of  the  time  of.  the  LANDSAT  overpass.  Measurements 
from  a boat  for  five  dates  are  also  shown.  A linear  regression  of  the  twelve 
values  common  to  both  surface  and  airborne  data  gives: 


(0.92+0.1)  Ljjoat  ~ (0. 007  ± . 0003) 


with  a correlation  coefficient  of  0.89.  Values  of  ^a^j-craft  been  calculated 
for  August  25  and  September  30  from  LjjQat  are  also  shown  in  Table  IV.  It  is 

encouraging  that  one  or  two  measurements  made  at  one  location  can  give  results 
wh. -:h  are  typical  of  the  entire  lake,  since  this  means  that  expensive  aircraft 
co'."_  cage  is  not  always  necessary  in  an  experiment  such  as  this. 


5.5  WATER  VOLUME  REFLECTANCE 

The  observations  with  the  radiometer  collimating  tube  immersed  in  the  water 
are  measurements  of  the  volume  radiance  of  the  water  since  the  tube  prevents  the 
water  surface  from  being  illuminated  from  above.  Table  VIII  gives  the  volume 
reflectance  measured  on  six  relatively  clear  days.  We  define  » ^in^^tot 

where  L.  is  the  observed  radiance  with  the  collimater  tube  immersed  in  the 
water,  and  has  been  calculated  from  the  Turner-Spencer  model  with  extinction 

coefficients  for  the  date  of  observation. 

McCluney  (1974),  Jain  and  Miller  (1977),  and  Gordon  and  Brown  (1973)  have 
computed  the  irradiance  reflectance  of  the  flat  ocean  in  terms  of  the  scattering 
albedo  (w  ) of  water  for  three  representative  phase  functions.  Phase  functions 

A and  B may  be  used  as  approximate  functions  for  LANDSAT  bands  5 and  4 respect- 
ively. Comparing  the  above  calculations  with  observations  of  volume  reflectance, 
we  infer  that  the  scattering  albedo  is  not  likely  to  be  higher  than  0.3  for 
band  4,  and  0.4  for  band  5.  The  volume  reflectance  varied  very  little  during 
the  measurements  from  May  to  September.  In  the  region  0<u^<0.4  this  result  is 

expected  because  reflectance  is  a weak  function  of  scattering  albedo.  A low 
value  of  in  the  red  region  of  the  spectrum  is  a result  of  a low  scattering 

coefficient  (or  of  low  particulate  concentration).  Since  the  change  in  the 
volume  reflectance  of  water  is  a very  weak  function  of  the  water  parameters  in 
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these  lakes,  and  since  the  volume  reflectance  contributes  very  little  to  the 
total  radiance  of  the  lake,  the  average  reflectances  given  in  Table  VIII  can  be 
considered  typical  of  oligotrophic  lakes. 

5.6  WATER  SURFACE  REFLECTIVITY 

The  surface  reflectivity  of  water  for  vertically  incident  light  varies  from 
.0204  at  589  nm  to  .0191  at  1256  nm.  (Calculated  from  indices  of  refraction  given 
by  Jenkins  and  White,  1957).  Cox  and  Munk  (1956)  shows  that  the  reflectivity  of 
a water  surface  is  essentially  independent  of  sea  state,  for  vertical  viewing, 
as  long  as  whitecaps  do  not  form.  Therefore,  we  adopt  = 0.02  for  all 

calculations  in  this  study. 

5.7  SUNGLINT  REFLECTIVITY 

Cox  and  Munk  (1954)  used  photographs  of  the  sunglint  pattern  to  study  wave 
slope  statistics,  and  derived  an  empirical  model  to  fit  their  observations.  We 
have  used  the  Cox-Munk  model  to  calculate  the  effective  sunglint  reflectivity  as 
a function  of  wind  speed  for  a range  of  solar  altitudes.  These  curves  are  shown 
in  Figure  4. 

Table  IX  gives  the  radiance  one  would  expect  from  sunglint  according  to  the 
Cox-Munk  model  for  the  three  dates  where  aircraft  radiances  are  available.  Sun- 
glint  radiances  of  this  size  should  be  apparent  as  a difference  between  the  air- 
borne radiances,  where  the  radiometer  views  many  waves  at  a time,  including  some 
causing  sunglint,  and  the  boat-based  radiances,  which  do  not  include  sunglint. 

The  data  in  Table  VII  show  that  the  airborne  radiances  are  not  significantly 
greater  than  the  boat  radiances.  This  indicates  that  the  Cox-Munk  model,  which 
has  been  established  over  the  open  ocean,  predicts  too  much  sunglint  for  lakes 
of  a few  kilometers  in  size. 

The  aerial  photographs  taken  simultaneously  with  the  airborne  radiometer 
observations  generally  show  a small  number  of  glinting  waves  within  the  radio- 
meter field  of  view.  Occasionally,  however,  the  sunglint  patch  is  distorted, 
presumably  by  surface  wind  gusts,  and  a large  amount  of  sunglint  is  suggested. 

At  these  times  the  radiometer  does  show  a significant  increase.  The  sunglint 
radiance  sometimes  exceeds  the  values  shown  in  Table  IX  on  these  occasions. 

Table  X shows  the  average  monthly  wind  speed,  in  m/sec,  for  the  last  three 
years,  and  a forty  year  average,  taken  from  Ottawa  Airport  records.  A correla- 
tion of  wind  speeds  measured  on  McGregor  Lake  against  those  at  the  Ottawa  Airport 
shows  a slope  of  0.76  ±.15,  with  a correlation  coefficient  of  0.83.  The  lower 
speeds  recorded  on  the  lake  presumably  are  due  to  shielding  of  the  lake  by  the 
surrounding  terrain. 

The  winds  recorded  during  this  experiment  are  typical  of  summer  months  in 
Ottawa.  Under  these  conditions,  sunglint  radiance  is  not  a significant  fraction 
of  the  total  radiance  of  a lake. 

From  Figure  4,  it  is  apparent,  however,  that  sunglint  can  become  quite 
important  under  conditions  of  high  wind,  particularly  for  high  solar  elevation 
angles.  Therefore,  more  work  is  needed  to  determine  the  relative  occurrence  of 
high  winds  on  clear  days  in  the  late  spring  and  early  summer  at  low  Canadian 
latitudes,  and  to  determine  whether  the  Cox-Munk  model  is  valid  for  lakes  larger 
than  studied  here. 


6.  ATMOSPHERIC  PATH  RADIANCE 

Of  the  dates  given  in  Table  II,  we  have  six  for  which  relatively  clear 
LANDSAT  observations  are  available.  For  each  of  these  six  dates,  a computer 
compatible  tape  of  the  LANDSAT  data  was  processed  on  the  OCRS  image  Analysis 
System  (Goodenough  1977).  For  each  of  the  nine  study  lakes,  the  mean  digital 
level  was  determined  in  each  LANDSAT  band,  and  converted  to  radiance  as 
discussed  in  Section  4.3.  The  mean  radiances  over  the  nine  lakes  and  standard 
deviations  of  a single  lake  radiance  are  given  in  Table  XI.  This  again 
demonstrates  that  these  oligotrophic  lakes  form  a homogeneous  class.  On  hazier 
days  such  as  June  14,  the  standard  deviation  of  a single  lake  observation  is 
larger,  presumably  because  of  a less  homogenous  atmosphere. 
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Equation  (5)  can  be  solved  for  the  path  radiance  in  terms  of 

and  T.  We  can  calculate  the  atmospheric  transmission  T from  the  value  of  the 
extinction  coefficient,  t , given  in  Table  IV,  and  use  values  of  given  in 

Table  VII.  For  the  latter  we  have  aircraft  observations  for  May  27,  June  14  and 
September  12.  For  August  25  and  September  30,  we  have  boat  observatiort  which  can 
be  converted  to  equivalent  aircraft  observations  by  means  of  equation  (8).  For 
June  5 we  can  use  - .02,  r^^^  frcm  Table  VIII,  and  assume  r^  is  negligible  as 

indicated  from  our  observations  of  May  27  and  June  14,  and  from  the  fact  that  on 
June  5,  the  wind  speed  was  less  than  1.5  m/sec.  The  total  irradiance  and 

sky  irradiance,  can  be  calculated  from  the  observed  value  of  t given  in 

Table  IV,  and  multiplied  by  the  above  values  of  s^d  to  give  the 

expected  values  of  given  in  Table  VII. 

Table  XII  gives  the  values  of  L calculated  from  the  data  in  Tables  IV,  VII 
and  XI.  Table  XII  also  list.i  values  of  calculated  with  the  Turner-Spencer 

(1972)  model  with  the  observed  values  of  t (in  Table  IV)  and  the  values  of  the 
mean  background  albedo  given  in  Table  V as  input.  (Deirmendjian' s (1969)  Haze  L 
aerosol  phase  functions,  interpolated  for  the  LANDSAT  bands,  were  used  for  these 
calculations) . 

Figure  5 shows  the  model  values  of  plotted  against  the  observed  values. 

A straight  line  has  been  fitted  to  the  values  for  each  band  and  to  averages  of 
bands  4-6  and  bands  4-7  by  linear  regression.  The  regression  coefficients  are 
given  in  Table  XIII. 

No  band  7 radiance  is  available  for  June  5,  since  this  was  a LANDSAT  1 pass, 
and  band  7 is  not  calibrated  on  LANDSAT  1.  The  September  12  data  show  the 
effects  of  cirrus  clouds,  which  were  observed  and  photographed  over  McGregor 
Lake  at  the  time  of  LANDSAT  overpass.  The  data  from  this  date  have  not  been 
used  in  calculating  the  regressions  shown  in  Table  XIII. 

The  fact  that  the  best  fit  lines  do  not  have  unity  slope  and  zero  intercept 
indicates  a systematic  difference  between  theory  and  observation.  The  data 
presented  here  are  inadequate  to  determine  whether  this  discrepancy  is  caused  by 
systematic  errors  in  the  observations,  such  as  the  absolute  calibration  of  the 
LANDSAT  sensors,  or  by  some  shortcoming  in  the  Turner-Spencer  model. 


7.  EXTINCTION  COEFFICIENTS  CALCULATED  FROM  PATH  RADIANCE 

As  discussed  in  Section  2,  we  would  like  to  be  able  to  estimate  the 
extinction  coefficient,  t , in  each  band  from  the  path  radiances,  Lp,  estimated 
over  oligotrophic  lakes. 

In  the  Turner-Spencer  (1972)  model,  Lp  is  a very  complicated  function  of 

atmospheric  extinction,  t , and  the  illumination  and  viewing  geometry.  Rather 
than  attempt  an  algebraic  solution  for  t in  terms  of  Lp,  we  used  the  model  to 

calculate  L as  a function  of  t for  the  geometry  applicable  on  each  of  the  six 
dates  listed  in  Table  XII.  These  calculated  curves  were  then  used  graphically 
to  solve  for  t in  terms  of  the  observed  Lp  in  each  band  for  each  date. 

The  calculated  values  of  t are  given  in  Table  IX,  and  plotted  as  a function 
of  the  observed  values  in  Figure  6.  Table  XIII  gives  the  slopes,  intercepts, 
and  correlation  coefficients  of  a straight  line  for  each  band  and  for  averages 
of  bands  4-6  and  bands  4-7.  The  calculated  extinction  coefficients  are  system- 
atically higher  than  the  observed  coefficients,  which  is  a reflection  of  the 
fact  that  the  Turner  model  gives  systematically  low  path  radiances  (Section  6). 
The  relatively  small  amount  of  scatter  in  the  data  and  high  correlation  co- 
efficients indicate  that  a straight  line  is  adequate  to  describe  the  relation- 
ship between  the  observed  and  calculated  extinction  coefficients. 

The  scatter  in  both  the  path  radiance  and  the  extinction  coefficient  data 
decreases  significantly  when  three  and  four  band  averages  are  used.  This 
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indicates  that  there  is  a high  degree  of  correlation  among  the  four  bands  in  both 
the  path  radiances  and  the  extinction  coefficients,  and  that  our  errors  are 
primarily  random  rather  than  systematic.  Therefore,  we  should  expect  to  achieve 
good  estimates  of  atmospheric  extinction  from  satellite-measured  path  radiances 
over  oligotrophic  lakes  if  we  can  measure  the  path  radiance  to  sufficient  accur- 
acy, as  discussed  in  Section  8. 


8.  ERROR  ANALYSIS 


8.1  PATH  RADIANCE 

We  can  write  an  equation  for  the  root  mean  square  (rms)  error  in  a single 
estimate  of  path  radiance  in  terms  of  the  rms  error  in  each  of  the  terms  of 
equation  4 ; 
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Therefore,  equation  (9)  can  be  re-written: 


"L  L 


vol  ***tot 


.)  + (H 


+ ^^surf  ^^skyjl  + 


tot  **^vol^ 
sky  **^surf 


+ (r  «H  )2  + (H  «r  + (L. 

g sun  sun  g lake 


-) 

exp{-2T)p 


(10) 


In  this  error  analysis  we  neglect  systematic  errors  on  the  grounds  that  they 
should  be  invariant  with  time  and,  therefore,  will  affect  all  data  to  which  this 
method  is  applied  similarly.  As  more  comparisons  between  theory  and  observation 
become  available,  it  should  be  possible  to  reduce  the  magnitude  of  any  systematic 
errors. 
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Table  XIV  gives  typical  values  for  each  term  of  equation  10  for  the 
extinction  coefficient  of  a standard  atmospheric  given  in  Table  IV  and  a solar 
elevation  of  60  . The  values  of  it  for  band  4 have  been  calculated  using 
statistics  for  x in  rural  areas  tabulated  by  Potter  (1974).  Values  of  it  for 
the  other  bands  have  been  calculated  proportionally: 


using  the  values  of  x for  a standard  atmosphere.  Values  of  «H  , «H  and 

*“skY  ‘calculated  numericallv  using  the  Turner-Spencer  (1972)  model  and 

valQis  of  «x  given  above.  The  value  of  6r^  shown  in  Table  X has  been  calculated 

for  the  Cox— Mun)c  (1954)  model  with  a wind  speed  of  3 m/sec  and  standard  deviation 
of  2 m/sec,  and  with  a 45  degree  angle  between  the  wind  direction  and  the  solar 
azimuth. 

Final  values  for  have  been  calculated  with  Sr  both  included  and  omitted. 

The  latter  case  applies  to  conditions  of  lower  solar  elevation,  such  as  more 
northerly  latitudes,  or  lower  solar  declination  such  as  in  August  and  September. 
Since  the  sunglint  radiance  we  observed  was  considerably  less  than  that 
predicted  by  the  Cox-Mun)c  model,  the  lower  values  of  SL  obtained  by  omitting 
'^r^  may  be  more  realistic.  P 

Even  when  the  sunglint  uncertainty  is  included,  we  should  be  able  to  measure 
path  radiance  to  a relative  accuracy  of  10  to  20  per  cent  on  typical  days  and 
considerably  better  on  hazy  days.  When  sunglint  is  not  a problem  wo  should  be 
able  to  reduce  the  uncertainty  by  approximately  a factor  or  2.  In  terms  of 
values  on  the  LANDSAT  2 radiance  scale,  wc  should  be  able  to  correct 
LANDSAT  data  for  path  radiance  to  one  part  in  64  if  sunglint  is  a significant 
source  of  uncertainty  and  to  one  part  in  128  under  conditions  where  sunglint  is 
negligible . 

8.2  EXTINCTION  COEFFICIENT 

If  we  )cnow  the  expected  error  in  path  radiance,  we  can  calculate  «t , the 
uncertainty  in  our  estimate  of  atmospheric  extinction,  from 

«x  3t  «L 

where  x^  is  the  Turner-Spencer  (1972)  model  extinction  coef f icient ,»x L can 
be  calculated  numerically  from  the  model,  and  3x/3t  is  the  empirical  relation- 
ship between  the  observed  and  the  model  extinction  coefficients,  as  shown  in 
Figure  6 and  Table  XIII 

Table  XIV  gives  values  for  3x  /3L  , 3x/3x  , and  for  «i,  both  including  and 
neglecting  sunglint  uncertainties  in^L  . Since  the  slope  of  x as  a function  of 
L is  quite  steep,  especially  for  band-  5,  relatively  small  errors  in  estimating 
can  cause  large  errors  in  the  estimate  of  x . 

If  we  compare  lines  30  and  31  of  Table  XIV  with  line  15,  (the  rms  uncertainty 
in  X if  have  no  a-priori  )xnowledqe  of  the  atmosphere) , we  see  that  the  pro- 
posed technique  reduces  the  rms  error  in  x considerably. 


9.  CONCLUSIONS 

A.  Oligotrophic  lakes  provide  suitable  dark  backgrounds  against  which  atmospheric 
path  radiance  can  be  measured.  Their  volume  and  surface  reflectances  (in  the 
absence  of  sunglint)  are  small  and  constant  and  can  be  accurately  modelled. 

B.  Sunglint  is  not  a significant  source  of  radiance  at  solar  elevations  of  55° 
and  less  and  winds  of  up  to  approximately  3.5  m/sec  over  lakes  of  a few 
kilometers  in  size.  More  work  is  necessary  to  determine  the  importance  of 
sunglint  over  larger  lakes  and  at  higher  wind  speeds. 
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C.  The  technique  investigated  here  could  bo  used,  without  further  refinement,  to 
estimate  path  radiance  to  an  accuracy  of  approximately  *.025  mw/cm^str  in 
LANDSAT  bands  4-6  and  *.05  mw/cm^str  in  LANDSAT  band  7.  This  corresponds  tc 
approximately  one  level  out  of  64  in  each  band. 

D.  It  is  possible  to  infer  the  atmospheric  extinction  coefficient  from  the 
measured  path  radiance,  if  an  empirical  correction  is  applied  to  the  Turner- 
Spencer  (1972)  model.  The  accuracy  expected  in  the  extinction  coefficient 
estimates  is  approximately  * .05  in  LANDSAT  band  4,  t .08  in  band  5,  * .03  in 
band  6 and  * . 04  in  band  7. 
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TABLE  I,  LIST  OF  SYMBOLS 


H 

sun  - Solar  irradiance  at  the  top  of  the  earth's  atmosphere 

^sun  ~ Solar  irradiance  at  the  earth's  surface  on  a plane  perpendicular 

to  the  line  of  sight  to  the  sun. 


Irradiance  on  a horizontal  surface  from  the  sky,  not  including 
the  direct  solar  contribution. 


H 


tot 


Total  (solar  plus  sky)  irradiance  on  a horizontal  surface. 


Radiance  observed  by  an  earth  satellite  in  a particular  spectral 
band. 


L 

P 

^vol 

^surf 


-sky 


-lake 


r 


T 


Path  radiance  observed  above  the  earth's  atmosphere. 

Radiance  observed  above  a body  of  water  due  to  light  scattered 
below  the  surface  of  the  water. 

Radiance  observed  above  a body  of  water  due  to  sky  (diffuse) 
radiance  reflected  bv  the  surface  of  the  bodv  of  water. 

Radiance  observed  above  a body  of  water  due  to  specularly 
reflected  sunlight. 

Radiance  observed  from  the  sky  in  a oarticular  direction. 


- Total  radiance  observed  above  a body  of  water  « L , + L , ♦ L , 

but  not  including  L . foI  surf  g 

- Reflectance.  We  use  an  observational  Quantity  here,  namely  the 
ratio  of  observed  upwelling  radiance  to  the  downwelling  irradiance. 
This  differs  from  the  more  freouently  used  p or  R which  is  the  ratio 
of  upwelling  to  downwelling  irradiance.  For  Lambertian  reflectors 

p (or  R)  » ■•r.  Often  this  factor  of  » is  implicitly  assumed  and 
used  in  the  literature  even  in  cases,  such  as  reflection  by  a 
water  surface,  when  the  Lambertian  assumption  is  obviously  not 
valid.  We  adopted  the  above  definition  of  r to  avoid  this  problem. 
Subscripts  for  r are  the  same  as  for  L. 

- Atmospheiic  transmission  « e~^ 


Zgun  ~ Solar  zenith  distance 

- Satellite  zenith  distance 
T - Atmospheric  extinction  coefficient 


4 

- LANDSAT 

spectral 

band 

4 

500-600 

run 

width 

100 

nm 

5 

- LANDSAT 

spectral 

band 

5 

600-700 

nm 

width 

100 

nm 

6 

- LANDSAT 

spectral 

band 

6 

700-800 

nm 

width 

100 

nm 

7 

- LANDSAT 

spectral 

band 

7 

800-1100 

nm 

width 

300 

nm 

p - Albedo,  or  ratio  of  upwelling  irradiance  (integrated  over  2» 

steradians) , to  downwelling  irradiance  (integrated  over  2» 
steradians).  For  a Lambertian  reflector  p»  »r. 
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TABLE  II.  OBSEWATION  DATES  AND  PLATFORMS 


DATE 

SKY  CONDITION 

LOCATION  OF 
OROUND  OBSERVATIONS 

aircraft 

LANDSAT 
(1  or  2) 

9 

May  76 

Overcast 

McOregor 

Lake 

No 

2 

27 

May 

Clear 

McGregor 

Lake 

Yes 

2 

5 

June 

Clear 

Ottawa 

No 

1 

14 

June 

Very  Hazy 

McGregor 

Lake 

Yes 

2 

23 

June 

Heavy  Cumulus 

McGregor 

Lake 

No 

1 

20 

July 

Heavy  Cirro-stratus 

McGregor 

Lake 

No 

2 

7 

August 

Heavy  Cirro-stratus 
(broken) 

McGregor 

Lake 

No 

2 

25 

August 

Thin  Cirrus  (broken) 

McGregor 

Lake 

Yes* 

2 

12 

September 

Thin  Cirrus 

McGregor 

Lake 

Yes 

2 

21 

September 

Broken  Cumulus 

Ottawa 

No 

1 

28 

September 

Clear 

Ottawa 

No 

None 

30 

September 

Clear 

McGregor 

Lake 

No 

2 

18 

October 

Thick  Cumulus 

McGregor 

Lake 

Yes 

2 

* Photography  Only 

TABLE  III.  INSTPUMENTAL  CALIBRATION  FACTORS 


BAND 

QUANTITY 

4 

5 

6 

7 

RPMI  irradiance  calibration 
factor  (for  mw/cm“) 

.12044.0025 

.08757.0015 

.095157.0015 

.26337.0036 

RPMI  radiance  calibration 
factor  (for  mw/cm^str) 

9.224 

7.528 

8.179 

24.64 

MPPH  irradiance  calibration 
factor  (for  mw/cm^) 

3.529  X 10~^ 

2.049  X lO"^ 

6.836  X 10"^ 

3.966  X 10~^ 

MPPH  radiance  calibration 
factor  (for  ms/cm'str) 

1.359  X lO"^ 

1.060  X lO"'* 

3.231  X lO"^ 

1.093  X 10“^ 

Uncertainty  in  LANDSAT  gain 
(on  an  8-bit  scale) 

3.80 

2.45 

3.56 

2.65 

Uncertainty  in  LANDSAT  offset 

0.92 

0.34 

0.42 

1.53 

(on  an  8-bit  scale) 


TABLE  IV. OBSERVED  AND  CALCULATED 
EXTINCTION  COEFFICIENTS 


date  band 


4 

O. 

C. 

5 

0. 

C. 

6 

0. 

C. 

7 

0. 

C. 

z 

sun 

May  27 

.284 

.41 

.231 

. 34 

.167 

.28 

.125 

.11 

33.7 

June  5 

.228 

.38 

.184 

.18 

.138 

.18 

.117 

— 

36.9 

June  14 

.668 

.92 

.557 

.76 

.445 

.80 

.398 

.49 

32.7 

August  25 

.275 

.39 

.211 

.37 

.167 

.30 

.152 

.10 

43.6 

September  12 

.285 

.81 

.228 

.90 

.182 

.85 

. 186 

.48 

48.8 

September  30 

.146 

.16 

.104 

.32 

.067 

.22 

.064 

.04 

54.3 

Average  of  6 dates 

.31+.18 

.25*. 16 

.19*. 13 

.17*. 

12 

Standard  Atmosphere 

.331 

.252 

.217 

.166 

O.  • Observed  C.  • Calculated 


TABLE  V.  MEAN  BACKGROUND  ALBEDOS 
BAND 


.loot. 013 


5 6 7 

.079*. 007  .207*. 010  .245*. 043 


TABLE  VI.  MEAN  LAKE  REFLECTANCES  AND  STANDARD 


DATE 

4 

DEVIATIONS 

BAND 

5 

6 

7 

May  27 

.00491.0004 

.0039* .0008 

.00201.0007 

.0011*. 0006 

June  14 

.00651.0010 

.00481.0007 

.00321.0010 

.0024*. 0007 

September  12 

.00411.0005 

.0024* .0004 

.00141.0005 

.00111.0004 
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TABLE 

VII.  AIRBORNE  AND  BOAT- 

-BASED  LAKE 

RADIANCES 

(mw/cm^str J 

AIRCRAFT  OBSERVATION 

BAND 

DATE 

4 

5 

6 

7 

May  27 

.0493 

.0324 

.0140 

.0156 

June  14 

.0804 

.0484 

.0346 

.0411 

September 

12 

.0357 

.0171 

.0072 

.0063 

BOAT  OBSEWATIONS 

May  27 

.0434 

.0294 

.0188 

.0320 

June  14 

. 0809 

.0755 

.0382 

.0706 

August  25 

.0422 

.0256 

.0084 

.0077 

September 

12 

.0312 

.0203 

.0090 

.0186 

September 

30 

.0231 

.0139 

.0053 

.0086 

CALCULATED  LAKE  RADIANCES 

June  5 

.0367 

.0248 

.0114 

.0172 

August  25 

* 

.0380 

.0227 

.0070 

.0164 

September 

30* 

.0205 

.0120 

.0042 

.0072 

* Calculated  from  boat  observations  using  linear  regression  fit  to  May  27, 
June  14,  and  September  12th  data. 


TABLE  VIII.  WATER  VOLUME  REFLECTANCES 


BAND 

DATE 

4 

5 

6 

7 

May  27 

.0011 

.0010 

.00029 

.00006 

June  14 

.0013 

.0008 

.00024 

0 

June  23 

.0012 

.0009 

.00016 

0 

August  25 

. 0017 

.0009 

.00025 

0 

September 

12 

.0017 

.0010 

.00032 

.00006 

September 

30 

.0018 

.0011 

.00029 

.00016 

Average  of 

6 

.0015± 

.0003 

.OOlOi.OOOl 

.000261.00006 

.000051.00006 

dates 

TABLE 

IX.  EXPECTED 

SUNGLINT  RADIANCES 

DATE 

SOLAR  WIND  SPEED 

r 

2 

L mw/cm  str 
a - ^ 

ALTITUDE 

m/sec 

9 

4 

^5  6 

6 

May  27 

56.3 

3.6 

.0012 

.0511 

.0138  .0128 

.0257 

June  14 

57.4 

3.2 

.0015 

.0120 

.0117  .0110 

.0233 

September 

12 

41.2 

0.7 

<io"‘* 

0 

0 0 

0 
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TABLE  X.  OTTAWA  WIND  AVERAGE  SPEED  AND  DIRECTION 
(speed  in  m/sec) 


MONTH 

1974 

1975 

1976 

40  Yr.  Av, 

May 

3.8  W 

3.0  S 

3.6 

SW 

4.4  SW 

June 

3.7  S 

3.3  S 

2.1 

SSW 

3.9  SW 

July 

3.7  SW 

2.8  SW 

2.5 

SW 

4.1  SW 

August 

2.7  S 

2.5  W 

3.3 

SW 

4.0  SW 

September 

3.2  S 

3.4  W 

3.2 

W 

3.8  SW 

October 

3.9  W 

4.0  NW 

4.1 

WNW 

4.2  SW 

DATE 

TABLE  XI. 
4 

LANDSAT  RADIANCES  OVER  CLEAR  lAKES 
2 

(mw/cm  str) 

BAND 

5 6 

7 

May  27 

.340±.008 

.189+. 003 

.1581.004 

.1391.003 

June  5 

.312t.006 

.1411.003 

.1061.003 

.1831.007 

June  14 

.510+. 010 

.2931.010 

.3341.018 

.4881.038 

August  25 

,277±.003 

.1661.003 

.1321.005 

.1201.007 

September  12 

.330+. 010 

.2141.010 

.2191.012 

.3391.030 

September  30 

.204+. 007 

.1271.002 

.0911.003 

.0561.005 

TABLE  XII.  OBSERVED  AND  CALCULATED  PATH  RADIANCES 
(mw/cm^str ) 


DATE 

4 

5 

B^ND 

7 

0. 

C. 

0. 



0. 

— C. 

0. 

C- 

May  27 

.303 

.281 

.164 

.146 

.146 

.105 

.125 

.153 

June  5 

.283 

.252 

.120 

.127 

.097 

.089 

— 

.139 

June  14 

.469 

.411 

.266 

.237 

.312 

.211 

.461 

.401 

August  25 

.248 

.236 

.147 

.118 

.126 

.089 

.106 

.153 

September 

12 

.303 

.218 

.201 

.111 

.213 

.085 

.334 

.163 

September 

30 

.186 

.188 

.116 

.088 

.087 

.047 

.049 

. 066 

O,  » Observed  C.  ~ Calculated 


\ 
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TABLE  XIII.  LINEAR  REGRESSION  RESULTS 

LAi!OSAT  NUMBER  DEPENDENT  SLOPE  INDEPENDENT  INTERCEPT  CORREIATION 


c 

TABLE  XIV.  ERRORS  IN  ATMOSPHERIC  ESTIMATION 

BAND 


LINE 

QUANTITY 

4 

5 

6 

7 

1 

«^sat 

.007 

.006 

.006 

.015 

2 

*^vol 

.0015 

.0010 

.00026 

.00005 

3 

4r  , 
vol 

.0003 

.0001 

.00006 

.00006 

4 

"^surf 

.02 

.02 

. 02 

.02 

5 

^’^surf 

0 

0 

0 

0 

6 

.0023 

.0023 

.0023 

.0023 

7 

.0026 

.0026 

.0026 

.0026 

8 

»tot 

14.42 

12.66 

10.54 

21.33 

9 

««tot 

.09 

.09 

.05 

.07 

10 

«sun 

12.00 

11.36 

9.70 

19.90 
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1 
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TABLE  XIV.  CONTINUED 


LINE 

QUANTITY 

4 

5 

BAND 

6 

7 

11 

sun 

2,25 

2.05 

1.75 

2.42 

12 

«sky 

4.00 

2.83 

2.10 

3.70 

13 

«»sky 

2.24 

2.10 

1.20 

2.01 

14 

T 

. 331 

.252 

.217 

.166 

15 

6t 

.18 

.16 

.13 

.12 

16 

'^lake 

.049 

.032 

.014 

. 005 

17* 

49.0 

36.0 

36.0 

225. 

18* 

(r  , «H.  ,)^ 

vol  tot 

.018 

.0081 

0 

0 

19* 

(H..  . fir 
tot  vol 

18.7 

1.60 

0 40 

1.64 

20* 

/*^surf  **^sky\ 

203. 

179. 

58.9 

164  . 

21* 

' / 
/^^sky  **^surf\ 

0 

0 

0 

0 

22* 

1 ” ) 

(r  fiH 
g sun 

26.8 

22.2 

16.2 

31.0 

23* 

<"sun 

973. 

872. 

636. 

2680. 

24* 

<hake«^>" 

77.8 

26.2 

3,31 

0.36 

25 

exp (-2t  ) 

.516 

.604 

,648 

.717 

26 

fiLp  including  sunglint 

. 027 

.027 

.022 

. 048 

27 

SLp  excluding  sunglint 

.014 

.013 

.0087 

.019 

28 

stt/sLp 

2.5 

3.3 

2.5 

1.1 

29 

3T/3T.J, 

.71 

.87 

.59 

.67 

30 

fit  including  sunglint 

.048 

.078 

.032 

.035 

31 

fit  excluding  sunglint 

.025 

.037 

.013 

. 014 

* Lines 

17-24  have  been  multiplied 

by  10^. 

749 


FIGURE  1.  SCHEMATIC  DIAGRAM  OF  RADIATION  PROCESSES  OVER  A LAKE.  Sunlight  scattered 
by  the  earth- s atmosphere  can  illuminate  the  lake  and  can  be  scattered  to  a 

satellite  as  path  radiance  (Lp) . The  radiance  measured  by  the  satellite  = 

(L  +L  «-L)T+L,  where  T is  the  atmospheric  transmission. 


Radiance 


FIGURE  2. 
SATELLITE. 


Wavelength  (nanometres) 


RELATIVE  MAGNITUDES  OF  THE  CONTRIBUTORS  TO  THE  RADIANCE  MEASURED  BY  A 
Sunglint  radiance  may  be  much  greater  under  high  wind  conditions. 


II 


60tur®d^^  predicts  d 


■ actual  re 8 ponse  / cosine  response 
• total  irradiance,  observed /model 


ZENITH  ANGLE 


FIGURE  3.  RATIO  OF  MEASURED  TO  PREDICTED  RADIANCES.  The  squares 

of  the  signal  from  a constant  point  irradiance  source  at  different  zenith  angles 
(measured  relative  to  the  optical  axis  of  the  RPMI)  to  the  cosine 

Lgle,  which  is  the  desired  response.  The  circles  represent  the  ratio  of  the  ob 
served  total  downwelling  irradiance  with  the  sun  at  different  angles  to  the  ir 
radiance  predicted  by  the  Turner-Spencer  (1972)  model. 


FIGURE  4.  SUNGLINT  REFLECTANCE.  These  curves  have  been  calculated  using  the' 
Cox-Munk  (1954)  model  for  a number  of  solar  elevation  angles  (labeled).  The 
two  extreme  cases  of  0*  the  angle  between  the  solar  azimuth  and  the  wind  direc 
tion,  are  shown. 
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Calculated  Path  Radiance  (mW/cm^str) 


I 


Average  of  bands  4 - 6 
Average  of  bands  4 " 7 
□ Landsat  band  4 
A Landsat  band  5 
■ Landsat  band  6 
• Landsat  band  7 


□ A 


A 


.1  .2  .3  .4 

Observed  Path  Radiance  (mW/cm^str) 

FIGURE  5.  OBSERVED  AND  CALCULATED  PATH  RADIANCE.  The  observed  path  radiance  is  that 
measured  by  LANDSAT  after  subtracting  lake  radiance,  and  the  calculated  path  radiance 
was  determined  using  the  Turner-Spencer  (1972)  atmospheric  model  with  the  extinction 
coefficient  determined  for  each  LANDSAT  band  by  ground  observations. 


1 


Eftimoted  Extinction  Coefficient 


★ " 


. ^ ^ 

•2"  ★ 

^ ^ oLondsat  band  4 

A Landsat  band  5 

I • ■ Landsat  band  6 

• • Landsat  band  7 

☆ Average  of  bands  4-6 
• ★Average  of  bands  4-7 

^ ^ ^ ^ ^4  Is  6 

Observed  Extinction  Coefficient 

FI^RE  6.  OBSERVED  AND  CALCULATED  EXTINCTION  COEFFICIENTS,  The  observed 

of .»  r..t 

servation  using  the  Turner-Spencer  (1972)  model.  ^ 
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1.  IHTRODUCTION 

Over  the  past  year  and  a half,  much  has  been  said  at  various  seminars  on 
the  use  of  remote  sensing,  particularly  as  it  pertains  to  the  need  for  low-cost 
ground  receiving  stations  and  processing  systems  for  data  from  remote  sensing 
satellites.  In  addition,  the  need  has  been  recognized  for  systems  which  will 
provide  real-time  information  so  that  dynamic  changes  in  phenomena  observed  by 
the  satellites  can  be  followed  and  acted  upon.  Over  the  past  year  a low-cost 
transportable  earth  resources  ground  station  has  been  built  in  Canada  and  in- 
stalled to  operational  status  at  Shoe  Cove,  Newfoundland.  Figure  1.1  shows  the 
station  on  its  test  site  in  Vancouver,  B.C.  We  believe  that  the  system  con- 
cepts developed  for  this  station  provide  an  answer  to  the  need  for  low-cost 
receiving  and  processing  system^  providing  timely  availability  of  data  in  both 
photographic  and  digital  form. 

The  system  was  designed  with  several  objectives  in  mind:  Firstly,  to  pro- 
vide a system  which  could  receive,  store  and  process  line-scan  image  data  from 
a wide  variety  of  satellites,  most  especially  the  LANDSAT  and  NOAA  (VHRR) 
series,  as  well  as  aircraft  scanner  data,  and  data  from  future  remote  sensing 
and  meteorological  satellites  such  as  METEOSAT,  HCMM,  NIMBUS-G,  GMS,  TIROS-N 
(AVHRR)  and  others:  Secondly,  the  system  has  been  designed  to  be  operated  by 
a small  staff  and  to  produce  black  and  white  images  and  computer-compatible 
tapes  (CCT’s)  of  all  relevant  data;  Thirdly,  the  system  is  compact  in  its  phy- 
sical design  so  that  it  is  possible  to  configure  it  as  a self-contained  ground 
station,  housing  all  of  the  electronic  eauipment  and  a photographic  facility  in 
♦ a 3 X 12  meter  trailer;  and  finally,  the  system  is  designed  to  process  all  data 
at  real-time  rates  or  better  and  is  designed  in  a modular  fashion  so  that  it 
can  be  easily  upgraded  to  do  further  processing  of  the  data,  and/or  to  handle 
new  satellites  and  sensors,  and  to  accommodate  technological  change  which 
affects  the  manner  in  which  the  data  is  handled,  and  the  output  products  which 
are  produced.  At  oresent,  several  configurations  of  the  system  exist  or  are 
under  development.  These  range  from  ultra  lov/-cost  systems  capable  of  handling 
data  from  only  the  low  data-rate  sensors  such  as  VHRR,  through  low-cost  LANDSAT 
compatible  systems  with  limited  processing  capability,  to  systems  capable  of 
extensive  electronic  processing  of  the  data.  Since  all  the  configurations  are 
derived  from  the  same  basic  system  design  and  use  the  same  modular  components, 
they  are  "upwards  compatible";  that  is,  a low-cost  system  can  be  upgraded  later 
to  have  increased  capability  as  the  need  arises.  This  approach  allows  potential 
users  of  such  systems  to  customize  the  system  to  their  particular  needs  at  mini- 
mal cost,  and  to  enter  into  the  field  without  a large  initial  outlay  of  funds. 

In  the  following  sections,  we  first  describe  the  basic  system  concept 
(Section  2) . This  is  followed  by  a description  of  the  Shoe  Cove  Station  as 
well  as  other  configurations  of  the  system  presently  under  development. 
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2.  THE  SYSTEM  CONCEPT 


All  remote  sensing  electronic  imaging  devices  in  operation  today,  or  con- 
templated for  the  foreseeable  future,  can  be  characterized  as  being  line-scan 
oriented.  By  this,  it  is  meant  that  data  is  generated,  transmitted  and  re- 
corded on  a sequential  line  by  line  basis.  All  of  the  multispectral  scanners 
whether  they  are  operating  in  spacecraft  or  aircraft,  can  be  characterized  in 
this  fashion.  Figure  2.1  shows  the  conceptual  block  diagram  of  the  Line-Scan 
Readout  and  Processing  System  (LSRPS),  which  has  been  developed  by  MDA  Ltd.  to 
handle  and  process  this  class  of  data  in  digital  form. 

The  first  of  these  systems  was  supplied  to  the  Canada  Centre  for  Remote 
Sensing  and  is  installed  at  Shoe  Cove,  Newfoundland.  Other  systems  are  pre- 
sently under  construction.  The  system  is  designed  to  handle  data  from  LANDSAT , 
MSS  AND  RBV,  NOAA  VHRR,  METEOSAT,  VISSR,  GMS  and  AIRBORNE  MSS.  Necessary 
additional  subsystem  components  are  presently  being  develop>od  to  handle  data 
from  TIROS-N,  AVHRR,  HCMM  and  NIMBUS,  CZCS  and  the  SEASAT-A  Synthetic  Aperture 
Radar  (SAR) . 

The  system  concept  can  be  broken  down  into  six  sections  as  shown  in  Figure 
2.1.  Each  section  consists  of  a set  of  individual  functional  units,  each  per- 
forming a unique  function. 

The  particular  functional  units  present  in  a given  system  and  their  ca- 
pabilities and  interconnection  depend  on  the  overall  system  objectives.  As 
mentioned  above,  these  may  range  from  a simple  station  capable  of  receiving 
data  and  generating  images  from  low  data-rate  instruments  such  as  NOAA  VHRR  to 
a large  configuration  handling  several  satellites  including  LANDSAT  with  com- 
plete image  processing,  and  enhancement  capability. 

The  ANTENNA  SECTION  consists  of  a full  autotracking,  parabolic  antenna. 

The  size,  type  and  hence  cost  of  the  antenna  depends  on  the  power  and  band- 
width of  the  signal  being  received,  and  upon  the  coverage  circle  iesired  given 
the  orbital  altitude  of  the  satellite.  For  example,  in  the  case  of  remote 
sensing  satellites  currently  in  orbit,  LANDSAT  imposes  the  most  stringent  con- 
ditions primarily  because  of  the  wide  bandwidth  reauired.  LANDSAT  has  two 
operating  power  modes;  high-power  (20  watt)  and  low-power  (10  watt).  A 10 
meter  diameter  solid  dish  will  give  a coverage  radius  of  approximately  3200  km 
in  high-power  mode  and  3000  km  in  low-power  mode.  A 6 meter  dish  on  the  other 
hand  provides  coverage  radii  of  the  order  of  3000  km  and  2700  km  respectively. 
Below  6 meters,  performance  margins  in  the  low-power  mode  rapidly  become  too 
low  to  ensure  reliable  performance.  For  operational  LANDSAT  use  therefore, 
one  is  dealing  with  antennas  in  the  6 to  10  meter  range  depending  on  coverage. 
With  antennas  of  this  size,  autotracking  capability  is  an  essential  feature, 
and  the  maximum  tracking  and  slew  rates  must  be  sufficient  to  accommodate  the 
maximum  angular  rate  of  the  satellite.  The  antenna  receiving  system  consists 
of  prime  focus-mounted  dual-band  feeds  covering  the  scientific  and  meteoro- 
logical satellite  bands  (1650  to  1750  MHz  (L-Band)  and  2100  to  2200  MHz 
(S-Band)).  The  S-Band  channel  uses  an  uncooled  temperature  stabilized  para- 
metric amplifier,  and  the  L-Band  channel  uses  a low  noise  transistor  amplifier. 

The  RECEIVER  SECTION  consists  of  the  radio  receivers  and  demodulators  ne- 
cessary to  receive  and  demodulate  the  signals  received  from  the  various  satel- 
lites that  the  station  is  designed  to  handle. 

The  units  making  up  the  PREPRyESSING  SECTION  of  the  syr Lem  convert  the 
signal  format  received  from  each  of  the  satellites  into  a standard  digital 
format  which  is  common  throughout  the  remainder  of  the  system.  At  the  output 
of  each  preprocessing  unit  the  data  from  a specific  line-scan  instrument  is 
presented  in  a standard  digital  format  with  the  start-of-line,  end-of-line, 
earth  scan  and  calibration  scan  data  clearly  identified.  This  permits  the 
system  to  be  expanded  to  handle  data  from  additional  satellites  or  airborne 
systems  by  simply  adding  the  appropriate  preprocessing  unit.  In  most  cases, 
a High  Density  Digital  Tape (HDDT)  is  placed  at  this  point  in  the  system  to  act 
as  a bulk  storage  device  for  downlink  data.  The  HDDT  also  generally  serves  as 
a means  of  high-density  archival  storage  for  the  data. 
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in  complete  coverage  of  Canada's  territory.  The  design  of  this  station  uses 
the  LSKPS  concept  described  above.  It  receives,  stores  and  processes  line- 
scan  imagery  from  the  LANDSAT  MSS  and  NOAA  VHRR  instruments,  is  operated  by  a 
small  staff;  and  is  self-contained,  housing  all  of  the  electronic  equipment 
and  a photographic  facility  in  a 12  x 3 meter  trailer.  The  system  produces 
black  and  white  images  and  CCT's  as  output  products  on  a daily  basis,  and  has 
the  capability  for  direct  facsimile  transmission. 

An  outsid*  view  of  the  complete  station  appears  in  Figure  1.1.  Figure  3.1 
shows  a layout  drawing  of  the  trailer.  The  electronic  system  for  reception, 
storage  and  processing  of  the  data  is  located  in  the  left  of  the  trailer.  The 
right  end  contains  a photographic  darkroom  and  the  air  conditioner,  washroom 
and  storage  area  are  located  in  the  center.  Figures  3.2  and  3.3  show  the 
electronic  equipment,  and  Figure  3.4  is  a view  of  the  photographic  facility. 

The  antenna  in  this  particular  installation  is  a precision  10  meter  parabolic 
dish.  Figure  3.5  shows  a block  diagram  of  the  data  handling  system. 

Referring  to  Figure  3.5,  data  is  received  from  the  satellite  by  the  an- 
tenna and  passed  on  to  one  or  both  of  the  two  receivers.  In  the  case  of 
LANDSAT,  the  digital  data  stream  is  picked  up  by  the  wideband  MSS  receiver  and 
passed  through  a bit  synchronizer  to  the  MSS  FORMAT  SYNCHRONIZER.  At  the  same 
time,  the  multifunction  receiver  receives  the  tracking  signal  and  drives  the 
autotrack  system  for  the  antenna. 

When  the  station  is  being  used  to  receive  NOAA  VHRR  data,  only  the  multi- 
function receiver  is  used.  In  this  case,  the  VHRR  data  is  demodulated  * rom  a 
subcarrier  to  feed  the  VHRR  DIGITIZER.  The  multi-function  receiver  also 
supplies  the  autotrack  signals. 

Both  the  MSS  FORMAT  SYNC,  and  the  VHRR  DIGITIZER  feed  their  outputs  into 
the  central  part  of  the  data  handling  system  through  a bus  switch.  The  role  of 
these  two  units  is  to  convert  the  downlink  formats  from  the  satellites  into  an 
essentially  standard  line-scan  format  suitable  for  being  handled  by  the  rest  of 
the  system.  The  bus  switch  selects  the  output  from  the  appropriate  unit,  de- 
pending on  the  satellite  data  being  processed,  and  feeds  the  data  to  the  BUFFER 
MEMORY.  This  memory  is  microprocessor  controlled,  and  is  designed  to  double- 
buffer the  data  at  high  speed.  It  contains  two  96  kilobyte  buffers  and  is  ca- 
pable of  handling  data  at  rates  in  excess  of  15  megabits  per  second.  This  data 
is  reformatted  and  demultiplexed  by  the  microprograms  which  control  the  BUFFER 
MEMORY.  The  data  emerging  from  the  BUFFER  MEMORY  is  identical  in  format  re- 
gardless of  the  source  of  the  data.  The  microprograms  which  accomplish  this 
standardization  are  downloaded  to  the  BUFFER  MEMORY  microcontroller  from  the 
minicomputer  which  acts  as  the  system  control  element.  The  data  from  the 
BUFFER  MEMORY  can  be  directed  to  three  possible  destinations  through  the  high- 
speed output  port,  namely  the  BULK  TAPE  SYSTEM,  the  DISK  STORAGE  SYSTEM,  and 
the  IMAGE  RECORDER  via  the  IMAGE  DATA  FORMATTER.  During  normal  operation, 
when  data  is  being  received  from  a satellite,  it  is  routed  via  the  BUFFER 
MEMORY  to  the  BULK  TAPE,  and  simultaneously  an  image  is  made  by  tiie  IMAGE  RE- 
CORDER. The  IMAGE  RECORDER,  which  is  shown  at  the  extreme  left  in  Figure  3.2 
consists  of  a precision  CRT  ana  Camera  system. 

The  BULK  TAPE  SYSTEM  (HDDT)  used  in  this  particular  installation  is  un- 
conventional. It  uses  a helical-scan  video  taoe  recorder  to  store  the  data. 
This  recorder  achieves  a density  of  1.55  x 10^  bits/sq.  cm  and  a continuous 
input  bit-rate  of  7.5  megabits/second.  This  is  compatible  witr.  storing  LANDSAT 
image  data  since,  although  the  downlink  data  rate  is  15  Mb/se^,  the  duty  cycle 
is  less  than  one-half.  The  system  takes  advantage  of  this  to  allow  the  use  of 
a smaller  tape  recorder  which  achieves  high  tape  density.  In  practice,  it  has 
been  found  that  a whole  day's  data  can  be  stored  on  one  20  cm  diameter  reel 
of  2.5  cm  video  tape.  This  tape  recording  technique  will  undergo  operational 
testing  at  the  Shoe  Cove  Station  during  the  next  year,  to  test  its  suitability 
for  long  term  operational  use.  Successful  completion  of  these  tests  are 
expected  to  result  in  considerable  savings  in  operational  costs  mainly  through 
lower  tape  costs  and  maintenance  costs. 

The  IMAGE  DATA  FORMATTER  (IDF)  is  responsible  for  applying  all  radio- 
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metric  and  geometric  corrections  to  the  data  prior  to  recording  the  image  on 
film.  The  radiometric  corrections  are  accomplished  by  means  of  a look-up 
table  (LOT) , hence  any  arbitrary  radiometric  transfer  function  can  be  imposed 
on  the  data.  The  geometric  corrections  applied  correct  for  panoramic  (S-Bend) 
distortion,  non-linear  scan,  variabilities  in  scanning  speed,  and  sensor  off- 
set. All  of  these  are  properties  of  the  scanning  instrument  itself.  In  addi- 
tion, the  IDF  corrects  the  image  for  earth  rotation.  Thus  the  image  produced 
is  a map-like  reproduction  of  the  geographic  features  observed  by  the  satellite. 
Data  which  controls  the  radiometric  and  geometric  corrections  applied  to  the 
data  by  the  IDF  is  fed  to  it  by  the  minicomputer  on  a scan  by  scan  basis.  The 
calculations  which  determine  these  corrections  are  carried  out  in  real-time  by 
the  comnuter,  based  on  data  extracted  from  the  signal  by  the  FORMAT  SYNCHRO- 
NIZER (or  VHRR  DIGITIZER)  and  the  BUFFER  MEMORY,  as  well  as  precomputed  orbital 
data.  The  IDF  also  annotates  the  image  with  a grey  scale  and  alphanumeric  data 
provided  by  the  minicomputer. 

After  data  has  been  recorded  by  the  BULK  TAPE  SYSTEM,  it  can  be  played 
back  at  real-time  rates  to  make  further  imagery  or  to  store  the  data  on  the 
DISK  STORAGE  SYSTEM.  This  unit  consists  of  two  40-megabyte  disks  capable 
of  storing  up  to  two  comolete  LANDSAT  scenes  of  data  or  the  equivalent.  The 
DISK  SYSTEM  also  handles  data  at  up  to  real-time  rates.  This  system  works  in 
conjunction  with  the  BUFFER  MFMORY  to  provide  a general  purpose  image  mani- 
pulation capability.  This  is  facilitated  by  the  presence  of  a third  port  on 
the  BUFFER  MEMORY  which  connects  it  to  the  minicomputer.  This  port  is  bidi- 
rectional, and  is  arranged  such  that  the  BUFFER  MEMORY  appears  to  the  mini- 
computer as  an  extension  of  its  own  memory  system.  Thus  the  computer  system 
has  a total  memory  in  excess  of  256K  Bytes. 

The  principle  role  of  the  minicomputer  is  to  act  as  a control  element  for 
the  system.  In  performing  this  task,  the  computer  communicates  with  the  system 
operator  through  a CRT  terminal  which  is  built  into  the  main  control  console, 
and  controls  the  status  and  information  flow  within  the  rest  of  the  system  by 
means  of  control  interfaces  with  each  of  the  system  components.  In  addition 
to  the  main  control  function,  the  computer  handles  data  in  the  making  of  CCT's 
and  the  sending  of  imagery  over  a facsimile  network.  In  both  of  these  opera- 
tions, an  image  is  dumoed  onto  the  DISK  STORAGE  SfSTEM  from  the  BULK  TAPE  and 
then  fed  through  the  minicomputer  to  the  CCT  transport  or  facsimile  interface, 
as  the  case  may  be,  at  a rate  controlled  by  the  latter  unit.  In  the  case  of 
CCT's,  the  throughput  is  determined  by  the  CCT  transport  used,  and  formatting 
of  the  data  is  controlled  by  the  minicomputer.  A new  image  can  be  transferred 
from  BULK  TAPE  to  DISK  in  the  time  it  takes  to  change  a tape  on  the  CCT  trans- 
port. In  the  case  of  facsimile  transmission,  filtering  of  the  data  is  per- 
formed by  the  minicomputer  to  achieve  an  optimum  performance  consistant  with 
the  bandwidth  of  the  facsimile  network  and  the  resolution  of  which  that  system 
is  capable. 

Receiving  and  preprocessing  software  currently  implemented  on  the  system 
consists  of  programs  to  perform  orbital  calculations  from  given  orbital  para- 
meters, to  acquire,  store  and  image  data  directly  from  satellite  passes,  to 
make  imagery  and  CCT's  from  nrerecorded  data  and  to  transmit  images  to  remote 
sites  via  facsimile.  These  programs  all  operate  in  an  interactive  mode  with 
the  operator,  under  the  control  of  a real-time  operating  system.  Figures  3.6 
and  3.7  are  examples  of  imagery  produced  by  this  station.  Figure  3.6  shows 
a NOAA  VHRR  image  of  north  western  Canada  taken  on  March  19,  1976.  Great 
Boar  Lake,  Great  Slave  Lake,  and  Lake  Athabaska  can  be  clearly  seen.  Figure 
3.7  is  a LANDSAT  MSS  image  of  the  Peace  River  where  it  connects  with  the 
western  end  of  Lake  Athabaska.  This  much  higher  resolution  picture  was  also 
obtained  on  March  19,  1976  within  16  minutes  of  the  NOAA  image  of  Figure  3.6. 
Some  of  the  features  shown  in  the  LANDSAT  image  (Figure  3.7)  are  clearly 
visible  in  Figure  3.6. 

A precision  image  analysis  software  package  has  been  developed  for  use  on 
larger  LSRPS  configurations.  This  software  package  is  an  interactive  multiuser 
system  designed  specifically  for  the  correction,  registration  and  classifica- 
tion of  line-scan  imagery.  Taking  advantage  of  the  latest  developments  in 
precision  radiometric  and  geometric  registration  procedures,  the  system  is 
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capable  of  multitemooral  as  well  as  multispectral  classification.  Both  super- 
vised and  unsupervised  classification  procedures  on  either  rectified  or  un- 
rectified imagery  are  available  to  the  analyst,  and  complete  operational 
flexibility  allows  the  system  to  be  used  in  a research  or  production  mode. 

Further  activity  in  the  development  and  installation  of  low-cost  receiving 
and  processing  systems  is  being  pursued  in  Canada.  This  includes  an  LSRPS 
system  being  built  for  the  Prince  Albert  Satellite  Station  (PASS)  to  bring  its 
data  handling  capability  to  the  same  level  as  the  new  Shoe  Cove  Station.  The 
system  being  constructed  for  PASS  is  essentially  the  same  as  the  one  described 
above  exceot  that  they  already  have  much  of  the  receiving  and  recording  equip- 
ment and  the  output  film  products  will  be  produced  by  a high-speed  laser-beam 
image  recorder.  This  will  allow  simultaneous  production  of  full  resolution 
images  of  all  four  LANDSAT  spectral  bands  at  real-time  rates.  The  only  change 
in  the  system  design  required  to  accommodate  this  film  recorder  was  the  re- 
placement of  the  Image  Data  Formatter  of  Figure  3.5  with  a more  sophisticated 
Image  Data  Processor  capable  of  handling  the  requirements  of  the  Laser  Beam  Re- 
corder relative  to  data  rate  and  the  necessary  geometric  correction  algorithms. 

In  addition,  a small  very-low-cost  satellite  station  is  also  being  built 
for  Canada's  west  coast  which  is  directed  exclusively  at  handling  data  from 
meteorological  satellites.  The  system  uses  the  LSRPS  design  concept  with  the 
same  preprocessor  and  receiver  modules.  The  Image  Processor  Section  is  simpler 
than  is  the  case  for  LANDSAT  compatible  systems,  because  of  the  reduced  re- 
quirements for  data  handling  imposed  by  the  meteorological  satellites  relative 
to  those  of  LANDSAT.  This  has  led  to  the  design  of  a series  of  ultra-low-cost 
LSRPS  systems  capable  of  producing  imagery  and  computer  compatible  tapes  from 
low  data-rate  satellite  sensors.  At  present  the  station  is  being  equipped  to 
handle  the  NOAA  VHRR  data,  but  will  be  expanded  in  the  future  to  include 
TIROS-N,  AVHRR  and  possibly  some  other  satellites. 

Figure  3.8  shows  a block  diagram  of  a family  of  low-cost  meteorological 
receiving  and  orocessing  systems,  based  on  the  development  of  the  Canadian 
west  coast  station.  Developments  underway  include  preprocessors  to  handle 
HCrvi,  METEOSAT,  GMS , and  NIMBUS-G  as  well  as  AVIIRR.  The  processor  section  has 
the  capacity  to  perform  radiometric  enhancement,  electronic  enlargement,  and 
geometric  compensation  for  panoramic  distortion,  as  well  as  film  annotation, 
all  at  real-time  rates. 


4.  CONCLUSIONS 

This  paper  has  summarized  the  developments  which  have  taken  place  at  MDA 
Ltd.  over  the  past  few  years  toward  the  development  of  a technical  concept  for 
low-cost  receiving  and  processing  systems  for  remote  sensing  satellite  imagery. 
The  result  has  been  a highly  flexible  modular  system,  which  can  satisfy  a wide 
spectrum  of  user  needs  and  be  flexible  enough  to  accommodate  changes  in  these 
needs  and  in  the  technology  itself,  while  at  the  same  time  keeping  the  costs 
within  reasonable  limits.  It  produces  high  quality  black  and  white  imagery  and 
computer  compatible  tapes  right  at  the  ground  station,  thus  making  the  data 
available  as  rapidly  as  possible  following  the  satellite  pass.  Wo  believe  that 
this  concept  of  a low-cost  ground  station  has  the  potential  to  satisfy  many  of 
the  requirements  for  remote  sensing  data  handling  systems  which  presently  exist 
around  the  world.  Figure  3.9  shows  a ground  station  and  processing  system  for 
LANDSAT  MSS  and  RBV,  ITOS  AVURR,  and  AIRBORNE  MSS. 
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TO  LOCATE  UNCHARTED  COASTAL  FEATURES 
ON  THE  LABRADOR  COAST 


E . A . Fleming 

Topographical  Survey  Directorate 
Dept,  of  Energy,  Mines  and  Resources 
Ottawa,  Canada 
and 

D.D.  Lellevre 

Canadian  Hydrographic  Service 
Department  of  the  Environment 
Dartmouth,  Nova  Scotia 


ABSTRACT 


In  1976  the  .Atlantic  Region  of  the  Canadian  Hydrographic  Service  carried 
out  a survey  of  several  offshore  Islands,  rocks  and  shoals  on  the  Labrador 
Coast.  On  this  survey,  for  the  first  time,  LANDSAT  Imagery  was  used  to  assist 
In  the  location  of  uncharted  hydrographic  features.  Several  satellite  cover- 
ages of  the  coast  were  studied  prior  to  the  survey  by  Topographical  Survey, 

EMR,  and  suspected  shoal  points  Identified.  Using  map-derived  control  points 
and  monocomparator  measurements  of  the  LANDSAT  l.-<iages,  the  positions  of  these 
points  were  determined  by  mathematical  adjustment  to  an  estimated  position 
accuracy  of  150  metres.  As  a result,  on  the  survey,  an  uncharted  Island  and 
eight  uncharted  drying  rocks,  which  might  enslly  have  escaped  detection  from 
a survey  ship,  were  verified  and  positioned.  To  check  the  accuracy  of  the 
coordinates  derived  from  LANDSAT,  three  Islands  were  positioned  by  standard 
ground  survey  methods.  The  positional  differences,  all  less  than  150  metres, 
are  not  plottable  at  the  scale  of  the  existing  offshore  charts.  The  LANDSAT 
positions  were  also  used  to  control  aerial  photography  of  a shoal  area  for 
office  compilation  of  a hydrographic  chart. 

INTRODUCTION 

In  1976,  the  Atlantic  Region  of  the  Canadian  Hydrographic  Service,  with 
Headquarters  at  the  Bedford  Institute  of  Oceanography,  Dartmouth,  N.S.,  carried 
out  a survey  of  several  offshore  Islands,  rocks  and  shoals  on  the  Labrador  Co- 
ast from  Cape  White  Handkerchief  to  Cape  Chldley. 

The  purpose  of  this  project  was  to  determine  the  positions  and  character- 
istics of  these  offshore  points,  which  are  so  critical  for  safe  navigation  In 
these  coastal  waters.  The  survey  was  carried  out  by  the  CSS  BAFFIN  with  D.D. 
LeLlevre  as  Hydrographer-ln-Charge . 

The  coast,  from  Cape  White  Handkerchief  to  Cape  Chldley  120  km  Northwest, 
Is  Indented  by  five  fiords  along  with  numerous  small  Inlets  and  bays  and 
Is  more  rugged  and  mountainous  than  the  southern  coast  of  Labrador.  The  Torn- 
gat  mountains,  rising  between  600  and  1200  metres,  parallel  this  part  of  the 
coast . 

Offshore  along  this  sector,  there  are  numerous  unsurveyed  Islands,  Isol- 
ated rocks  and  shoals  extending  offshore  from  distances  of  three  to  sixteen 
kilometres  from  the  mainland.  Vessels  usually  keep  to  seaward  of  the  dangers, 
as  the  whole  region  has  not  been  surveyed.  Positioning  these  offshore  features 
presents  many  problems.  Detailed  survey  and  positioning  by  ship  or  launch  Is 
possible,  but  rarely  practical  due  to  considerations  of  time  and  cost  of  survey 
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and  ice  in  these  northern  coastal  waters.  Pho togramme t r ic  methods,  using  ster- 
eoscopic viewing  of  aerial  photography,  cannot  be  used  if  the  water  gap  between 
the  feature  and  mainland  control  is  greater  than  one  or  two  miles.  A relative- 
ly new  method  of  positioning,  taking  advantage  of  LANDSAT  satellite  coverage, 
has  been  developed,  which  shows  promise  of  providing  considerable  assistance 
for  plotting  such  features  (1).  This  method  was  applied  to  the  Labrador  Coast. 


PRE-DETERMINATION  OF  THE  SHOAL  POSITIONS  BY  PHOTOCRAMMETRY 

Prior  to  the  Hydrographic  Survey  of  the  Labrador  Coast,  LANDSAT  Images  of 
the  area  were  examined  in  the  Topographical  Survey  Directorate  of  the  Depart- 
ment of  Energy,  Mines  and  Resources.  An  inventory  search  at  the  Canada  Centre 
for  Remote  Sensing  had  located  eight  images  of  the  area  obtained  during  rela- 
tively cloud-free,  ice-free  conditions.  Offshore  features,  not  plotted  on 
current  hydrographic  charts,  were  observed  on  three  of  these  images  and  posi- 
tioning of  these  points  proceeded  using  pho t ogr amme t r ic  methods. 

The  three  LANDSAT  images  used  were  from  three  different  orbits,  at  three 
different  dates: 

Image  Date 

13- 18-43  August  23,  1974 

14- 18-25  October  4,  1973 

15- 18-62  August  2,  1975 

The  location  of  these  Images  relative  to  the  coastline  is  shown  In  Figure  1. 
Since  the  images  on  successive  orbital  paths  have  a high  overlap  it  was  po- 
ssible to  obtain  two  position  readings  for  most  shoal  points.  For  one  small 
group  of  shoals  which  fell  in  the  common  overlap  of  the  three  Images,  three 
Independent  posltiori  were  determined. 

The  segments  jf  the  LANDSAT  images  showing  both  the  offshore  features 
and  the  coastline  were  enlarged  to  make  standard  sized  d iaposit Ives  . This 
enlargement  increased  the  observing  scale  from  the  original  1:3,369,000  scale 
of  the  LANDSAT  70mm  frame  to  a scale  of  1:400,000  on  the  diaposltlve.  Control 
points  were  established  on  these  dlapositives  by  identification  of  Image  fea- 
tures on  the  mainland  whose  U.T.M,  coordinates  could  be  measured  on  the  pub- 
lished 1:50,000  maps  of  the  area.  These  features  were  well  defined  shoreline 
points  or  small  lakes. 

The  control  points  and  the  offshore  features  to  be  positioned  were  marked 
on  the  dlapositives  by  drilling  60  mm  holes  in  the  film  emulsion  with  a Wild 
PUG-4  transfer  device.  Using  a Wild  S t e r ecompara tor  STK-1  In  the  monocular 
mode,  the  X and  Y coordinates  of  the  marked  points  were  measured  in  each  of 
the  three  image  segments.  These  measurements  were  transformed  to  the  U.T.M. 
coordinate  system  by  an  affine  transformation  and  a least  squares  fit  to  the 
control  points,  and  coordinates  for  the  shoal  points  were  thus  determined. 

The  positions  of  the  shoals  determined  from  the  measurements  on  the  three 
mages  were  supplied  to  the  Hydrographic  Service,  together  with  1:100,000 
enlargements  of  the  LANDSAT  images  showing  the  identifications  of  the  points 
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SOURCES  OF  ERROR  IN  THE  PHOTOCRAMMETRIC  DETERMINATION 


One  of  the  geometric  distortions  that  may  occur  in  LANDSAT  imagery  is  a 
difference  in  scale  between  the  image  scan  direction  which  is  perpendicular 
to  the  orbital  path,  and  the  scale  along  the  orbital  track.  The  orientation 
of  the  coastline  and  the  presence  of  cloud  inland  prevented  the  establishment 
of  a good  scale  in  the  scan  direction  for  the  Images.  This  factor,  coupled 
with  the  fact  that  the  control  was  based  on  map-derived  coordinates  of  image 
points,  resulted  in  position  information  that  had  a greater  degree  of  uncert- 
ainty than  that  established  for  the  Ungava  shoals  previously  determined  in 
1975  (1).  For  the  Labrador  coast  the  R.M.S.  error  at  photogrammet r ic  control 
was  80  metres,  and  for  the  offshore  shoal  points  for  which  three  readings 
were  obtained  deviations  from  the  mean  varied  from  under  30  metres  in  northings 
to  155  metres  in  eastings. 

The  LANDSAT  image  at  extreme  enlargement  has  such  poor  image  quality  that 
defining  a precise  point  is  Impossible.  The  offshore  rocks  and  Islands  on  the 
Labrador  coast  are  much  smaller  than  the  resolution  element  of  this  system,  so 
that  what  was  seen  and  positioned  was  the  white  water  surrounding  these  points, 
the  centre  of  which  would  probably  shift  with  wind  direction.  The  five  Images 
on  which  offshore  features  could  not  be  detected  were  probably  obtained  on 
relatively  calm  days. 


FIELD  OPERATION 

The  extent  of  the  survey  carried  out  by  the  CSS  BAFFIN  is  shown  in 
Figure  2.  To  assist  in  the  location  of  the  offshore  features  there  were 
field  sheets  prepared  from  reproduction  of  the  1:50,000  topographic  maps, 
aerial  photographs  taken  in  1950  and  the  LANDSAT  position  Information  pro- 
vided by  Topographical  Survey. 

Horizontal  control  and  shoal  examinations  were  carried  out  by  the  BAFFIN 
launches  and  helicopter  parties.  Careful  observations  had  to  be  made  on  the 
nature  of  the  features  because  of  the  significance  these  features  could  have 
on  the  charting  priorities  for  the  area.  The  helicopter  was  used  extensively 
for  identifying  shoals,  rocks,  islands  and  obtaining  photographs  and  heights 
of  rocks. 

At  the  positions  provided  by  the  LANDSAT  imagery,  eight  uncharted  drying 
rocks  and  one  uncharted  island  were  verified  and  photographed.  The  other 
positions  supplied  represented  already-charted  points. 

During  the  survey,  three  reported  offshore  shoal  areas  were  examined  by 
sounding  launch.  These  Included  "Davidson  Rock",  a shoal  area  reported  in 
1950  and  a "rock"  reported  seaward  of  the  Galvano  Islands.  No  indication  of 
features  in  these  areas  had  shown  on  the  LANDSAT  imagery.  Soundings  were  done 
by  launch,  positioned  by  radar  ranging  from  the  BAFFIN.  No  shoals  were  found 
and  least  depths  of  160  metres,  42  metres  and  18.9  metres  were  determined  in 
Che  areas . 

COMPARISON  OF  LANDSAT  POSITIONS  WITH  GROUND  SURVEY  POSITIONS 

To  assess  the  accuracy  of  the  U.T.M.  coordinates  derived  from  LANDSAT, 
they  were  compared  with  those  obtained  from  conventional  horizontal  control. 
The  results  for  three  surveyed  points  which  were  also  measured  on  LANDSAT 
Images  are  shown  in  Table  1.  It  can  be  seen  that  the  positional  differences 
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for  these  points  vsrles  from  10  metres  to  140  metres  in  Northing  and  42  to  91 
metres  in  Easting.  These  positional  differences,  all  less  than  150  metres, 
are  not  plottable  at  the  scale  of  the  existing  offshore  charts. 


OFFICE  COMPILATION 

The  primary  purpose  of  the  survey  was  to  examine  the  offshore  hazards  to 
navigation  along  the  coastal  boundaries.  It  was  noted  on  the  LANDSAT  Images 
that  there  were  many  more  uncharted  rocks  and  shoals  in  the  area  west  of  sta- 
tion SHOAL,  eleven  km.  north  of  the  Galvano  Island  group. 

This  was  another  example  of  an  area  where  the  offshore  features  were 
separated  from  the  mainland  control  by  water  gaps  in  the  aerial  photographs 
and  time  could  not  be  expended  to  carry  out  a complete  survey  of  the  islands 
and  rocks. 

On  return  to  the  Bedford  Institute  of  Oceanography,  office  compilation 
of  this  shoal  area  was  undertaken. 

This  area  was  never  mapped  at  1:250,000  in  the  topographic  series.  The 
rocks  and  shoals  were  carried  on  the  existing  charts  by  the  notation  "Numerous 
uncharted  ledges  and  shoal  ground".  This  shoal  ground  covered  an  area  of 
approximately  50  square  nautical  miles. 

The  coordinates  of  all  existing  hydrographic  control  points  and  the 
coordinates  of  the  rocks  and  shoals  provided  by  LANDSAT  positioning  were 
plotted  on  the  hydrographic  field  manuscript. 

These  control  points  were  previously  identified  on  aerial  photographs 

covering  the  area  from  Galvano  Islands  northward  to  Home  Islands.  The  points 
controlled  by  LANDSAT  positioning  were  transferred  to  the  aerial  photos  to 
provide  more  control  for  plotting. 

With  the  use  of  a Saltzman  projector  and  the  conventional  aerial  photo- 
graphs, the  uncharted  area  was  plotted  on  the  existing  field  manuscript  at 
the  natural  scale  of  1:50,000.  Approximately  forty-three  rocks  and  shoals 
were  found  to  exist  that  were  not  previously  charted.  The  exact  position 
of  these  rocks  and  shoals  is  yet  to  be  determined  by  a survey  party,  however 
the  shoreline  plot  of  the  offshore  rocks  and  shoals  determined  by  aerial 
photographs  and  LANDSAT  should  provide  the  survey  party  returning  to  the  area 
with  a good  provisional  chart  to  plan  and  carry  out  precise  surveys  to  position 
these  hazards. 


CONCLUSTON 


LANDSAT  Imagery  is  a valuable  aid  in  detecting  shoal  areas  and  for  posi- 
tioning offshore  islands  and  rocks  where  these  areas  are  inaccessible  from 
shore  control  stations  and  are  beyond  the  range  of  conventional  aerial  photo- 
grammetry.  Because  of  its  inherently  poor  resolution,  the  nature  of  the  fea- 
ture detected  on  the  Imagery  can  only  be  established  by  field  survey  or  in  some 
cases,  by  aerial  photography.  Used  in  conjunction  with  aerial  phrtography, 
LANDSAT  can  provide  position  Information  for  the  many  additional  features  that 
will  show  on  the  photography  of  shoal  areas. 
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ABSTRACT 

of  °^,'-a'’dsat  multispectral  digital  data  to  differentiate  among  62  continations 

?oatPd^!  '’Oldfield  mining  district  of  Western  Neyada  was  inyest- 

iqated  by  using  statistical  techniques  of  cluster  and  discriminant  analysis.  Multiyariate 
analysis  was  not  effective  in  classifying  each  of  the  62  grouos.  with  class- 
essentially  the  same  whether  data  of  four  channels  alone  or  combined  with 
six  ratios  of  channels  were  used.  Bivariate  plots  of  nrouo  means  revealed  a cluster  of 
three  groups  including  mil  tailings,  basalt  and  all  other  rock  and  alteration  types.  Auto- 
ratic  hierarchical  clustering  based  on  the  fourth  dimensional  Mahalanobis  distance  between 
drouos  having  five  or  more  samples  was  performed  using  Johnson's  HICLUS 

cluster  analysis  revealed  hierarchies  of  mill  tailings  vs.  nat- 
ural materials,  basalt  vs.  non-basalt,  highly  reflectant  rocks  vs.  other  rocks  and  exclusively 
unaltered  rocks  vs.  predominantly  altered  rocks.  The  hierarchies  were  used  to  detem'nfthr 
disrHilinanl'^f  ^’t^nle  discriminant  analyses  were  to  be  performed  and  the  resulting 

all  Irrurar!  Were  used  to  oroduce  a mao  of  geology  and  alteration  which  has  an  over- 

I tered  ?ocks  ^ ^ percent  for  discriminating  exclusively  altered  rocks  from  predominantly 


I.  lllKODUCTinN 

sat  extract'Inq  geologic  information  from  Land- 

^ ^ ‘*®cidinq  which  spectral  band  or  combinations  of  bands  should  be  used, 
interpretation  of  individual  bands  or  ratioed  images  (Rowan  and  other,  1974)  is 
^^scriminatinq  among  geologic  materials  whose  spectra  oermit  them  to  be 

TreJer  J Is  A mnrp  orocessing  and  inter- 

froH  M K I method  involves  statistical  analysis  of  digital  data  obtained 

from  a test  site  which  has  been  mapped  by  traditional  field  methods. 

2.  GEOLOGY 

LandsIt%A?l‘'fnr’ln!"^i'’  of  Nevada  provides  an  excellent  site  to  test  the  value  of 

of  th^dJ^Hr?  r an  arid  region.  The  surface  geology  and  alteration 

ducted  hJ  Jh!  n s r great  detail  in  conjunction  with  geochemical  surveys  con- 

1 ' ^nd  Keith,  1973).  The  study  area  is  underlain 
of  ° hydrothermally  altered  Tertiary  volcanic  rocks  which  contain  zwes 

?52  iIiPtrn6nn°foorr*  °'"®-  altered  area  was  sampled  using  a 

sit«  (AshlS  and  Eei?h,  19?3)  " at  each  of  1954  sample 


3.  DATA  EXTRACTION 


cpip.ff!!'^^®^  Dixels  (picture  elements)  which  were  entirely  within  a single  geologic  unit  were 
sulti^g^86  opoWr^ii®  h outlines  on  a 1 :24, 000-scale  geologic  map.  The  re- 
litholLlPs  ^nd  ?i!  t’Jy  ho';»aenous  pixels  were  arranged  in  62  groups  containing  a variety  of 
lithologies  and  alteration  types.  These  included  mcntmori 1 loni te,  i llite-kaolinite  and 
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siHdc  alteration  tvoes,  as  well  as  colluvial  soils  (Table  I).  The  oriqinal  Landsat  data 
were  converted  to  reflectance  units  for  each  channel  bv  using  light  and  dark  areas  which  have 
had  their  reflectances  determined  In  the  field.  Uneven  lighting  caused  by  shaded  and  sunlit 
slopes  was  minimized  bv  using  high-sun  elevation  (61  degrees)  Landsat  data  acquired  on  June  30, 
1973  (scene  number  1342-18003).  The  data  were  corrected  for  noise  lines  bv  using  the  means 
and  standard  deviations  of  each  of  the  six  sets  of  scan  lines  and  the  grand  mean  and  standard 
deviation  of  the  test  area  to  "destrlpe"  the  data  of  each  channel. 

4.  DISCRIMINANT  ANALYSIS 

Stepwise  multivariate  discriminant  analysis  In  the  form  of  the  BM007M  computer  program 
(Dixon,  1973)  was  used  to  determine  the  abllltv  of  Landsat  multlspectral  data  to  discriminate 
among  the  many  rock  and  alteration  types  present  at  Ooldfleld.  Classification  results  based 
upon  61  groups  (mill  tailings  were  not  Included  In  the  analysis)  and  the  data  of  four  channels, 
six  ratios  and  a combination  of  channels  and  their  ratios  were  used  In  the  analysis  but  the  re- 
sults were  discouraging.  Although  the  basalt  group  was  correctly  classified  23  of  24  times, 
the  other  groups  could  not  be  classified  on  the  basis  of  their  Landsat  spectra  with  any  degree 
of  confidence. 

5.  SCATTER  DIAGRAMS 

In  an  attempt  to  determine  spectral  subgroups  which  might  be  useful  for  classification 
purposes,  graphical  clustering  was  performed  by  plotting  pairs  of  channels  against  each  other 
for  all  six  combinations  of  channel  pairs.  The  channel  means  of  each  of  the  62  groups  were 
plotted  and  the  resulting  scattergram  patterns  Interpreted  (Figures  la  through  f).  Three 
major  clusters  are  present  In  each  of  the  six  plots  and  Include  mill  tailings,  basalt  and  all 
remaining  materials.  Ellipses  encipsinq  90  percent  of  the  data  were  constructed  from  the 
statistics  for  each  of  the  three  major  clusters.  Only  a fav  very  dark  or  very  bright  groups 
have  means  which  plot  outside  the  boundaries  of  the  90  percent  ellipse  for  the  samples  of  the 
central  cluster.  Although  altered  rocks  were  generally  more  reflectant  than  fresh  rocks, 
altered  and  unaltered  rocks  do  not  form  distinct  clusters. 

6.  HIERARCHICAL  CLUSTERING 

Automated  hierarchical  clustering  was  performed  using  30  groups,  each  of  which  contained 
five  or  more  pixels.  The  computer  program  used  was  the  HICLUS  program  (Johnson,  1967)  which 
requires  a matrix  of  similarities  or  dissimilarities.  The  fourth-dimensional  distances  from 
each  group  to  all  the  other  29  groups  was  first  considered  as  a measure  of  dissimilarity,  but 
the  wide  range  of  variances  and  correlations  between  variables  for  each  group  would  not  have 
been  taken  into  account.  For  this  reason,  the  fourth-dimensional  Mahalanobis  distance 
(M-distance)  from  each  group  to  each  of  the  other  29  groups  was  used  as  a matrix  of  dis- 
similarity. 

7.  DENDROGRAMS 

The  results  of  the  HICLUS  program  were  plotted  In  the  form  of  a dendrogram  for  both  the 
"connectedness"  and  "diameter"  methods  which  the  program  uses  for  clustering.  The  "diameter" 
method  gave  the  most  geologically  meaningful  results  and  confirmed  clusters  observed  In  the 
pair-wise  plots  of  channel  values.  The  three  groups  which  formed  the  most  distinct  clusters 
were  mill  tailings,  basalt  flows  and  a pair  of  groups  consisting  of  a rhyolite  flow  and 
kaollnite-bearing  quartz  monzonite.  The  remaining  groups  were  divided  Into  unaltered  and  pre- 
dominantly-al  tered  clusters,  with  the  predominantly-altered  cluster  further  subdivided  Into 
an  andesite-dacite  branch  and  a latite-and-others  branch  (Figure  2). 

8.  SEQUENTIAL  CLASSIFICATION 

The  dendrogram  obtained  by  hierarchical  clustering  was  use  to  construct  a "decision  tree" 
to  determine  the  order  In  which  pair-wise  discriminant  analyses  ’luld  be  made  for  the  four- 
channel  data.  The  following  sequential  classification  results  were  obtained  by  using  the 
BMD07M  proqram  (Dixon,  1973)  to  decide  the  first  four  discriminant  analysis  decisions  required 
to  classify  the  training  data.  Prior  probabilities  were  assumed  to  be  0.50  for  each  pair  of 
groups. 
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1.  Mill  Tallinqs  (11/11«100.0^). ... 

2.  Basalt  flows  (23/24=95.8*) 

3.  Rhyolite  and 

quartz  monzonite  (12/15=80.0*) 

4.  Exclusively  unaltered 

rocks  (84/114=73.7*) 

If  the  third  pair  of  groups  Is  eliminated  by  assuminq  that  the  two  highly  reflectant  units 
constitute  less  than  two  percent  of  the  study  area,  then  the  product  of  success  rates  for 
qroup  pairs  1 , 2 and  4 Is  equal  to  70  percent  for  altered  versus  unaltered  rocks.  Results 
based  on  four  channels  and  six  ratios  were  also  used  as  a basis  for  discriminant  analyses,  but 
the  classification  results  were  the  same  as,  or  only  a fraction  of  a percent  better  than,  those 
obtained  by  usinq  the  four-channel  data  alone.  Essentially  the  same  classification  scores 
resulted  when  alternate  samples  were  used  to  derive  tralninq  and  test  qrouos. 

9.  AUTOMATIC  OEOLOGIC  MAPPING 

The  discriminant  functions  generated  by  usinq  the  three  qrouo  pairs  described  above  were 
used  to  produce  a qeoloqlc  mao  depicting  altered  areas  by  modifyinq  the  STANSORT  computer  pro- 
qram  (Honey,  Prelat  and  Lyon,  1974).  The  resultinq  pattern  of  alteration,  althouqn  "qralny" 

In  appearance,  closely  resembles  the  pattern  of  arqllHc  alteration  determined  by  field  mappinq 
(Flqures  3a,  b and  4a).  The  appearance  of  one  of  the  Images  was  Improved  (Figure  4b)  by  using 
the  same  discriminant  functions  to  classify  data  smoothed  by  a weighted  3x3  pixel  matrix 
(Maxwell,  1976).  Although  some  of  the  very  small  areas  of  mill  tailings  and  basalt  are 
eliminated  by  using  smoothed  data,  the  resultinq  Image  depicts  patterns  of  arqllllc  alteration 
which  closely  resemble  those  mapped  by  traditional  field  methods. 
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Natural  materials  (774/775=99.9*) 
Non-basaltic  rock  (716/751=95.3*) 

Darker  rocks  (622/736=89.9*) 
Predominantly 

...altered  rocks  (457/622=73.5*) 


TABLE  I EXPLANA'nON  0>’  SYMK)LS  USEL  VOH  ALTEHATIOM^  A!<D  GEOLOGY^ 

ALTERATION  TYBESt 

u Unaltered  rock,  includea  propylltlzad  (p;  and  dla^netloally  or  dauterieally  altered 
rocks  (d). 

c Colluvial  soil. 

m Montn>orlllonlte-bearln{(  ar^llllzed  rocks. 

k Illlte-kaolini to-bearing  argillized  rocks. 

a Silicified  rocks. 

z Alteration  type  unknown,  xTb  is  probably  unaltered. 

CBOLUCIC  UNITS: 

Qint  Mill  tailings 

ft  ALLUVIUM  AND  COLLUVIUM  (ftuatemary)  Sand  and  gravel,  locally  bearing  cobbles  and 
boulders. 

Tb  BASALT  Includes  Malpais  Basalt  (Miocene  or  Pliceno),  Basalt  of  Blackcap  Mountain 
(Miocene)  and  Mira  Basalt  (middle  Miocene). 

To  SIEBERT  TUyy  (Miocene)  Includes  andesite  breccia  of  Hansorae  (1909) • Volcanic  con- 
glomerate and  sandstone;  tuffaceous  conglomerate,  sandstone  and  shale. 

Tap  Silicic  Vi trie  air  fallj commonly  with  pumice  lapllll. 

Te  ESPINA  BHECCIA  (lower  Miocene)  Hhyolite  tuff  breccia  locally  with  lapilll  t\xff  interbeds. 

Tct  TUPF  OP  CHISPA  HILLS  (lower  Miocene)  Dacite  vltrophyre  of  Hanaome  (1909).  Hhyodacite- 

quartz  latite  ash-flow  tuff. 

Tadt  ANDESITE  MBCABHECCIA  (lower  Miocene)  Jumbled  blocks  from  units  Tma,  Td  and  Tdtb.  Prob- 
ably represents  landslide  deposits. 

Td  POHPHYHITIC  RHYODACITE  (lower  Miocene)  Dacite  of  Hansome  (1909).  Several  rhyodacite 

flows  containing  plagloclase  phenocrysts  and  varying  proportions  of  hornblende,  biotite 
and  hypers thene  phenocrysts, 

Tdtb  Khyodaclte  tuff  breccia. 

Tdwt  Rhyodacite  welded  tuff. 

Tma  MILLTOWN  ANDESITE  (lower  Miocene)  Plows  and  tuffs,  including  pyroxene-hornblende  and 
pyroxene  trachyandesite,  pymxene-homblende  and  homblende-biotite  rhyodacite  and 
minor  quartz  latite  and  basalt. 

Tsr  SANDSTORM  FORMATION  (Oligocene)  Sandstorm  rhyolite  of  Hansome  (1909^.  Pluldal  rhyolite 
bearing  small  sanidlne  and  quartz  phenocrysts. 

Tswt  Silicic  tuff,  lapilli  tuff  and  tuff  breccia  characterized  by  abundant  llthic  fragments. 

Tssh  Tuffaceous  shale. 

T1  ftUARTZ  LATITE  (Oligocene)  Latite  and  Kendall  Tuff  of  Hanaome  (1909).  Pluldal  porphyritic 
quartz  latite  with  pla^oclase,  biotite  and  hornblende  phenocrysts. 

Tlag  ftuartz  latite  "agglutonate" 

Tvr  VINDICATOR  RHYOLITE  (Oligocene)  Pluldal  rhyolite  and  rhyolite  flow  breccia  bearing 
quartz  phenocrysts. 

Jqra  ftUARTZ  MDNZONITE  (Jurassic)  Alaskite  of  Hansome  (1909).  Leucc-quartz  monzonlte  and 

quartz  monzonlte,  mostly  medium-grained,  with  a few  aplite  dikes  and  mafic  inclusions. 

Op  PAIMETTO  POHKATION  (Ordovician)  Siliceous  shale,  siliceous  argillite  and  minor  limestone. 

^Ashley,  R.  P.  and  Keith,  W.  J.,  1975.  Geochemistry  of  the  altered  area  at  Coldfield, 
Nevada,  ...,  U.S.  Ceol.  Survey  Open-file  rept. 

^Ashley,  R.  P.,  1975,  Preliminary  geologic  map  of  the  Coldfield  mining  district,  Nevada; 
U.S.  Ceol.  Survey  Map  MF-6B1. 
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Kigur*  1— Plots  of  lAndsat  spsctral  bands  after  conversion  of  brightness  units  to  apparent  re- 
flectance by  using  ground  calibration  sites.  Ellipses  enclose  90  percent  of  the  data  in  each 
of  the  three  major  clusters,  with  symbols  for  group  means  representing  colluvial  soil,  unalter- 
ed outcrop,  montmorillonite-bearing,  illite-kaolinite-bearing  and  silicified  rocks.  Data  extract- 
ed from  Undsat  scene  1 542-18003,  dime  30,  197  5. 
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=,  o illuatratirut  reaultB  of  Johnson's  HICLUS  computer  proffram  for  hier- 

Pigure  2— Dendograa  illustra  ^ --ihns  The  dissimilarity  measurement  used  for 

archical  clustering  using  the  "diameter  method.  The  diMimll^lt^ 

♦V,.  .n.lvela  was  the  fourth-dimensional  Mahalanobis  distances  oe tween  grouj)  c 
4"chij;^el  ^^dlat  reflectance  data.  See  Table  I for  explanation  of  symbols. 
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Figure  3— Comparison  of  geology  and  alteration  at  Goldfield  as  mapped  by  traditional  methods  (a) 
and  by  hierarchical  discriminant  analysis  (b). 
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QUATERNARY  GEOLOGIC  MAP  OF  MINNESOTA 
J.  E.  Goebel 


Minnesota  Geological  Survey 
University  of  Minnesota 
St.  Paul,  Minnesota 


The  new  Quaternary  Geologic  Map  of  Minnesota  is  a compilation  based 
both  on  the  unique  characteristics  of  satellite  imagery  and  on  the  results 
of  previous  field  investigations,  both  published  and  unpublished.  The  use 
of  satellite  imagery  has  made  possible  the  timely  and  economical  construction 
of  this  map  to  serye  Minnesota  for  the  many  years  it  will  require  to  complete 
a systematic,  detailed  field  investigation. 

In  Minnesota  the  Quaternary  geology  is  essentially  Pleistocene  geology, 
which  in  turn  is  dominated  by  repeated  glaciation.  It  is  the  geology  of 
materials  and  conditions  at  or  near  the  surface  and  influences  most  aspects 
of  land  use,  resource  development  and  environment.  The  most  recent  investiga- 
tion to  encompass  the  entire  State  was  published  as  installments  from  1915 
to  1919  and  is  now  outdated  by  subsequent  investigations  in  specific  areas 
and  improvements  in  technology.  A new  map  covering  the  entire  State  was 
needed. 


The  scale  chosen  for  the  map  was  1:500,000  to  allow  the  presentation 
of  the  information  on  one  sheet  with  enough  detail  to  be  specific.  Minnesota 
covers  an  area  of  84,000  square  miles.  Previous  geologic  investigations  varied 
considerably  in  area  and  s'ale,  quality,  purpose  and  number  in  different  parts 
of  the  State.  The  map  needed  is  one  that  reflects  a uniform  interpretation 
of  the  geology  with  continuity  across  the  State. 

A systematic  and  detailed  field  investigation  was  among  the  several 
methods  that  were  considered  for  preparing  a new  map.  However  this  would 
have  required  many  man-years  and  hundreds  of  thousands  of  dollars,  and  it 
was  hoped  that  an  updated  version  of  the  map  would  be  available  while  field 
work  was  in  progress. 

A synthesis  of  the  available  reports  of  investigations  into  a single 
compilation  presents  problems  in  resolving  conflicts  between  repwrts  and  in 
interpreting  areas  for  which  information  is  lacking.  Nonetheless,  getting 
this  information  together  at  the  same  scale  and  with  the  same  description 
was  an  important  first  step  for  preparing  the  map. 

The  topographic  maps  produced  by  the  U.S.  Geological  Survey  were  a 
possible  source  of  base  information  to  expand  upon  the  evidence  provided  by 
geologic  investigators  since  topography  is  useful  for  interpreting  glacial 
geology.  However,  these  maps  contain  no  clue  as  to  the  composition  of  the 
surficial  materials,  the  large  scale  would  make  reduction  to  the  desired  scale 
a cumbersome  process,  and  regional  relationships  are  difficult  to  evaluate — 
there  are  about  1480  topographic  sheets  for  the  State,  and  some  areas  still 
lack  coverage. 

Interpretation  of  aerial  photographs  was  another  possibility  considered 
for  updating  the  Quaternary  geologic  map.  There  are  about  20,000  aerial  photos 
xn  stereo  pairs  taken  over  the  past  40  years  that  would  be  needed  to  give 
coverage  of  the  State.  Difficulties  included  cost,  variability  in  quality 
of  the  photography,  and  the  fact  that  each  photo  shows  such  a small  area. 

The  limited  scene  emphasizes  details  too  small  to  represent  on  the  final  map 
and  obscures  an  understanding  of  regional  relationships. 

The  use  of  LANDSAT  imagery  offered  many  advantages.  Each  LANDSAT  image 
covers  a broad  area.  Multi-seasonal  coverage  for  the  entire  State  was  available. 
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The  imagery  had  excellent 
resolution  was  consistent  with 
1"500,000  scale.  On  the  other 
features  could  be  identified  wi 
of  LANDSAT  imagery  to  identify 
area  was  not  entirely  favorable 
striking.  It  was  apparent  that 
truth  for  verification  of  what 


ol  for  registry  to  the  base  map.  The  subject 
the  detail  neeLd  to 

hand,  there  was  no  assurance  that  glacial 
t^anv  certainty;  an  earlier  report  on  use 
till  in  the  Minneapol is-St . Paul  metropolitan 
and  glacial  features  on  the  imagery  are  not 
the  LANDSAT  imagery  alone, 
was  visible  on  the  imagery  would  not  suffice. 


uifh  t-hp  records  of  several  agencies,  was 

1.  The  literature,  together  ^ materials  on  Quater- 

nlrj'geoloSy  ^hiraff ^eadi^^accrslible  to  the  public  was  assembled. 

2.  The  157  published  ^ ^ra^e  S^n't^ansfeiJed' to‘t he°Lale 

Srl^sS-.^OOnid^^a  Single  ren^ftlon°L‘f hiJ  scale  was  compiled. 

3.  The  rendition  from  field  ^nilfy^o^^ 

uni'trand'!  p^ e!imirarrmarof'the  Quaternary  geology  was  prepared.  This 
phase  is  discussed  in  detail  below. 

The  Qu.ee.nar,  f 

?;rou.t«n«r9.o'lo9r"<  ;S“sLKrs»99,.tion.  and  co..en,a  which  will  .ak. 
,S'  L?"a,rand  uacinl  are  no.  ham,  ..calved, 

1.  wa.  ‘“rd^»«rncrs  i«:iS”int.”=:'in“o;in“rirn'* 

Stretching  to  emphasize  the  subtle  g-iected  scenes,  was  considered  for 
with  computer  compatible  tapes  of ^ severe  limitations 

identifying  till  terrains.  However  region.  Some  60  training  sets 

to  the  use  of  digital  . have  been  necessary.  The  areal  extent  of 

for  the  various  mapping  units  would  different  dates  with  varying 

the  study  entailed  the  use  of  e within  a single  image  can 

guality  and  ground  conditions.  Since  t 

often  affect  the  accuracy  HL'and  condition  suggested  that  some 

other  images  representing  a ditterenr  Mnit i-seasonal  registry  of 

complications  would  have  been  “he  art.  Furthermore,  spectral 

;rc4r.r;.-J."rc"U’!5?/rhr 

JSlh'o?^r."„r^,°;'a«9;^”1"har.?l'a,rs."r'.ofwE1ch  .=  h,.d  .»  as.,hU.h 

training  sets. 

The  LANDSAT  imagery  for  the  Jeaf!of ft^lHe^su^^  full 

for  cloud-free  coverage.  coU"  was  obtained  at  the  scale 

foliage  under  minor  stress,  and  winte  ^ p ^ false-color  composites 
of  1:1,000,000  in  the  f ^"^®'^3‘en??Tla^^^  and  white,  band  7,  winter 

^Lnrs!"\^SarkTnd  fhl^e  paper  ^L^^u^el  ^fth^  sLle 

^fTh^fiJall^?:""?-^  artceLs  Se^e  re^d^d^^cUete  coverage  of  the 

A mylar  overlay  -mistered  to  ^Je  early  ^spring  ^ •j;°°°;°?;3j^irs  the^ 
transparency  was  used  to  ‘^®c°‘^^  *^®  * P 3lso  3^  i;i,000,000  to  confirm 
transferred  to  the  summer  . Finally  the  information  was  trans- 
interpretations and  add  new  ‘"formatio  , Y 1:500,000  scale 

ccpcii^  tsrsi»‘i.r9o'r,‘LK:r?.iii“uo;°' 
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and  on  crisp,  clear  days.  These  had  the  greatest  tonal  variation  for  identifi- 
cation of  till  types.  Late  summer  coverage  revealed  areas  where  the  vegetatio 
was  under  some  stress,  mostly  in  areas  of  greater  relief  and 

textures  The  low  sun  angle  and  contrasting  shadows  on  the  snow  winter 

sceLs  helped  to  identify  low  topographic  features  in  the  unforested  areas. 
These  scenes  were  also  helpful  in  distinguishing  prairies,  fields,  deciduous 
I^rconife^urfLests,  and  open  bogs  because  the  snow  covered  the  low  vegeta- 
tion and  reflected  through  the  bare  deciduous  trees.  Because  the  images  were 
taken  at  [he  lame  time  of  day,  valleys  and  ridges  oriented  northeast-southwest 
were  more  conspicuous  than  others. 


During  the  interpretation,  distinctions  noted  on  the  LANDSAT  imagery 
were  recorded  for  areas  identified  as  specific  mapping  units.  The  following 
paragraphs  summarize  the  unique  combinations  which  led  to  recognizing  the 
features  elsewhere  on  the  imagery. 


The  various  till  units  reflected  their  respective  topography,  texture 
and  inherent  fertility.  The  rich,  clayey  Des  Moines  tills  were  very  dark  in 
the  spring,  dark  red  in  the  summer,  and  relatively  smooth  white  in  the  win  er; 
thev  generally  support  the  most  agriculture.  The  Wadena  till  was  generally 
buff  or  brown  mottled  with  greys  on  the  spring  coverage,  mottled  with  reds 
and  dark  reds  on  the  summer  coverage,  and  with  dark  and  medium  greys  displaying 
llcidllus  folells  and  limited  agriculture  on  the  winter  scenes.  The  Superior 
?nls  TthUJring  were  generally  dusky  rose,  pink  and  lavender;  summer  images 
were  red  and  bright  red  flecked  with  mottles  of  pink,  yellow  and  white  wit 
low  areas  in  dark  blue  or  lavender;  winter  scenes  were  grey  and  dark  grey, 
indicating  mixed  deciduous  and  coniferous  forests,  and  • 

T^e  Iprlng  scenes  of  the  Rainy  tills  were  often  br^n  or  ^usky  with  yellow 
flecks,  and  where  foliage  had  appeared  they  were  often  bright  smooth  reds. 

In  the  summer  scenes  they  were  reds  and  bright  teds  with  shades  of  blue  o" 
the  wetlands;  in  the  winter  scenes  they  were  smooth  dark  gray  and  grey  colors 
indicating  coniferous  forests  and  little  agriculture. 


The  following  image  characteristics  reflect 
of  glacial  materials  comprised  by  the  various  till  units  as  indicated  by  colors 

and  seasonal  variations* 


End  moraines  were  usually  forested  with  little 
soring  thev  were  usually  light  pink  or  dusky  with  highlights  of  red.  I" 
summer  they  were  usually  smooth  red  and  dark  red,  often  with  flecks  of  white 
and  yellowl^  In  the  winter  they  were  shades  of  smooth  dark  grey  where  foreste 
and  elsewhere  showed  a rough  topography. 


Stagnation  moraines  generally  contained  many  lakes  and  in  ap^^rance 
were  something  between  that  of  ground  moraine  and  end  moraine.  The  spring 
coverage  often  contained  bright  red  areas  of  ice  contact  features.  In  the 
summer^the  areas  were  mottled  red,  pink  and  blue.  In  the  winter  they  were 
mottled  grey  and  white.  Agricultural  use  varied. 


Ground  moraines  were  mottled  blues,  roses  or  pinks  in  the  ^pri^  scenes. 
Often  thev  were  red  flecked  with  white  or  yellow  in  summer.  They  ap^ared 
anioofl'wItJI  ll  grey  in  the  winter.  Their  use  for  agriculture  and  forestry 
varied  widely  across  the  State. 


The  appearance  of  lacustrine  sediments  on  the 
The  Glacial  Lke  Agassiz  clays  were  black  in  the  spring,  red  summer  and 

a uniform  white  in  the  winter  coverage,  revealing  intensive  agriculture.  The 
Lll  A^als^z  bisin  is  a truly  outstanding  feature  on  the  images  The  other 
lake  cLy  sediments  had  a mottled  appearance  because  of  ^gs  and  wetlands, 
thev  were  usually  mottled  blue,  lavender  and  pink  in  spring,  red  and  dark 
aJd  ,r.y  and  ll,h.  In  .In,,,  .canaa,  I*”  ' 

The  lake  sands  and  gravels  of  Glacial  Lake  Agassiz  and  some  other  lakes  are 
oJlei  Iballlned  lealhes  and  bars.  In  the  spring 

show  them  as  white,  yellow  or  pink,  in  summer  as  pink  or  white,  in  the  wi  e 
SruSelled  bea^h^idges  were  readily  identifiable.  Other  lacustrine  sands 
are  often  mottled  and  spotted  pink  and  yellow  with  blue  and  dark  blue  in  the 
Iplilg!  leS  anHark  red  in  thi  summer  and  shades  of  grey  in  the  winter  coverage. 
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revealing  limited  agriculture.  In  general  the  lacustrine  sediments  were  recog- 
nizable, despite  considerable  variability  in  appearance. 

Alluvium  was  usually  distinguishable  because  it  occurs  along  the  streams, 
although  it  is  difficult  to  identify  it  in  the  forested  areas.  Depending 
on  the  vegetatation  it  appeared  in  spring  as  light  red  or  dark  blue,  in  summer 
usually  as  very  red,  and  in  winter  as  a flat  smooth  white  or  dark  grey. 

Terraces  were  not  always  specifically  definable.  Where  they  were  recog- 
nizable they  were  a smooth  even  color  in  all  seasons.  They  occur  near  streams 
and  alluvium. 

Peat  areas  reflected  their  wet  nature.  They  were  usually  dark  blue, 
black  or  brown  with  spwts  of  pink  and  red  in  the  spring.  In  the  summer  they 
were  red  and  dark  red  mottled  with  purple  and  blue.  In  the  winter  they  were 
mottled  white,  grey  and  black.  The  pattern  of  colors  also  helped  to  identify 
them.  They  have  virtually  no  agriculture. 

Colluvium  was  identified  by  its  forests,  dendritic  pattern  and  dissected 
appearance  in  all  seasons.  It  was  usually  light  red  in  spring,  dark  red  in 
summer  and  black  in  winter. 

^ Two  types  of  loess  were  recognized.  One  unit  was  less  than  five  feet 
thick  and  one  was  over  five  feet  deep.  The  thin  loess  was  a medium  rose 
compared  to  pink  for  the  deep  loess  in  the  spring.  In  late  summer  the  thin 
loess  was  a rose  or  medium  rose  while  the  deep  loess  was  dark  rose  in  color. 

In  the  winter  the  thin  loess  was  commonly  smooth  white  or  light  grey,  whereas 
the  deep  loess  was  more  commonly  visibly  dissected  by  streams.  Dune  areas 
were  usually  too  small  to  identify  effectively. 

The  distinctive  pattern  of  drumlin  fields  could  usually  be  seen  on  images 
for  all  seasons.  Abandoned  beaches  were  identifiable,  but  strand  lines  were 
too  small  to  determine  at  all.  Meltwater  channels  and  glacial  lake  outlets 
were  apparent,  particularly  on  winter  photographs  of  unforested  areas.  Glacial 
ridges  or  ripple  till  could  be  recognized,  especially  in  the  spring  coverage. 

The  solitary  and  sinuous  forms  of  eskers  blended  in  with  the  general  topography 
of  till  deposits;  better  resolution  would  have  been  helpful.  Karnes  were  diffi- 
cult to  identify.  They  were  best  seen  in  early  spring  coverage  where  they 
appeared  as  a bright  red,  but  their  existence  must  be  confirmed  on  the  ground. 

LANDSAT  imagery  interpretation  proved  more  useful  than  expected.  Most 
of  the  geologic  units  could  be  identified  by  extrapolating  from  specific  sites 
where  the  geology  had  been  investigated  into  areas  where  little  was  known. 

The  excellent  geographic  registry  coupled  with  the  multi-spectral  record  of 
these  images  served  to  identify  places  where  the  geologic  materials  responded 
to  their  ecological  environment  and  where  the  ecology  responded  to  the  geologic 
materials.  Units  were  well  located  on  the  map  at  the  scale  selected  for  the 
study.  Contacts  between  till  units  could  be  placed  with  reasonable  accuracy. 

The  reference  points  that  were  used  to  project  delineations  between  units 
(rivers,  lakes,  hills,  roads  and  other  features),  which  had  not  been  accurately 
located  on  early  maps,  could  be  accurately  located  with  the  help  of  the  imagery. 
The  tonal  and  color  contrasts,  the  patterns  reflecting  geologic  change  and 
the  resolution  of  the  images  permitted  focusing  attention  on  features  which 
could  be  represented  at  the  final  scale  of  the  map  without  distraction  by 
other  interesting  but  site-specific  details. 


79A 


T 

I 


T 


N78-14527 


nFUnTC  SEH'lTH::-ATnFD  SYOTMS  hXDR  r>NCW  CXJA.7riFTCATTaj, 
EVAPOTOANSPTRATTON  KTnMATION,  AND  '1IF3R  APPIJCATION 
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Dr.  Dlanak  Khorram 

Retmte  Sensinr;  Research  Program 
Rpace  Sciences  Laboratory 
University  of  California 
Rerkeley,  CA.  9^720 


ARSTOACT 

Ilie  objective  of  this  paper  Is  to  reflect  the  deslpji  of  general  remote  senslrv^-alded 
methodolopJ.es  to  provide  the  estimates  of  several  Inportant  Inputs  to  water  yield  forecast  mod- 
els. These  Input  parameters  are  snow  areal  extent,  snow  water  content,  and  evapotransplratlon. 
The  study  area  Is  Feather  River  Watershed  (780,000  hectares).  Northern  California. 

The  general  approach  Involves  a stepwise  sequence  of  Identification  of  the  required  Infor- 
mation, sairrle  desl^i,  measurement/estimation,  and  evaluation  of  results.  All  the  relevent  and 
available  inforratlon  types  needed  In  the  estimation  process  are  being  deflne<l.  These  Include 
landsat,  meteorological  satellite,  and  aircraft  Imagery,  topopT^phlc  and  .geologic  data,  p^ound 
truth  data,  and  climatic  data  from  grountl  stations.  A cost-effective  multistage  sanfillng  af>- 
proach  Is  being  etqiloyed  In  quantification  of  all  the  required  parameters.  The  physical  and 
statistical  models  for  both  snow  quantification  and  evapotransplratlon  estimation  are  developed. 
Tliese  models  utilize  the  infomitlon  obtained  by  aerial  and  p^xjund  data  through  appropriate 
statistical  sanfillng  desl"ji. 

In  case  of  snow  areal  extent,  the  proce<lure  developed  has  been  applied  to  three  dates  In 
Aprlng  1973  with  satisfactory  and  cost-effective  results.  The  results  are  maps  of  snow  areal 
extent  along  with  their  variance,  population  ratio  estimator,  confidence  Intervals,  and  allow- 
able «TX)r  for  each  date. 

In  case  of  snow  water  content,  the  Landsat-alded  system  has  yielded  relatively  precise  arx) 
cost-effective  watershed-wide  estimates  for  spring  of  1973.  The  results  to  date  indicate  a 
correlation  coefficient  of  0.8-0.85  between  remote  senslng-alded  snow  water  content  Index  data 
on  a sanple  unit  basis  and  corresponding  ground  snow  water  content  measurements  collected  by 
Callfotnla  Department  of  Whter  Resources. 

In  case  of  evapotransplratlon  (ET),  the  areal  distribution  of  the  Input  climatic  data  (l.e., 
tejuxjrature,  solar  radiation,  etc.)  for  FT  models  Is  being  prepared.  The  vegetation-terrain 
analysis  has  been  corpleted  and  the  aireal  distribution  of  elevation,  slope,  and  aspect  Is  pro- 
duced. The  level  I FT  models  have  been  applied  to  Spanish  Creek  Watershed  (a  sub-basin  of 
Feather  River  Watershed).  The  results  are  in  general  ajTeement  with  the  values  of  evapotrans- 
plratlon, based  on  conventional  methods,  reported  In  the  literature  for  similar  area. 

ufTRonuCTirxi 

The  development  of  the  water  resources  Is  an  exarrle  of  the  application  of  human  krwwleflge 
and  experience  to  the  management  of  an  environment.  Biswas  (1970)  traces  the  history  of  ''Tydrol- 
ogy  to  about  3?00  B.C.  The  early  Inhabitants  of  the  American  Southwest  had  built  weii-develooed 
water  resources  utilization  systems  (Carstka,  1972). 

We  are  fortunate  to  be  living  In  the  present  era.  Tlie  dans  are  new  and  reservoirs  are  not 
filled  with  the  sediment.  The  geolopjsts  tell  us  that  a lake  Is  an  evanescent  featuiv;  that  all 
lakes,  both  large  and  small,  will  sooner  or  later,  throurji  the  action  of  never-ceasing  forces  of 
nature,  btjcome  filled  with  sediment.  The  nnnagenefit  of  watersheds  producing  the  Inflows  to  the 
reservoirs  becomes  therefore  an  extremely  Irfiortant  function  since  It  has  b^  dermstrated  that 
watershed  managenent  practices  can  exert  a major  Influence  upon  the  sediment  yield  of  streams. 

Practically  all  of  the  water  avall'ible  ami  suitable  for  massive  carry-over  storage  Irpourri- 
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nif^tits  or  the  new  era  Is  yielded  by  the  wildlands:  the  (rassl.ands  and  forests.  '4ater  yield 
n«rwuTr»->nt  of  the  water-yleldlnr,  areas  Is  fimdamental  to  the  whole  structure  of  society  (Oamtka, 

197.'’).  Tlie  old  world  recofTilzed  tlic  liDportance  of  watershed  rmnacpnent  very  loni'  ajro.  Hiere 
are  areas  In  .Twltserlaml  which  have  been  under  forest  mnareiTient  for  several  centuries.  For 
exai:|>le,  the  Canter,  of  Valais  has  had  a strict  consernratlon  policy  which  has  prohibited  all  cut- 
ting of  exlst.lnr:  forests  In  specific  ;u‘eas. 

A::  the  f'<Ji>ul<atlon  Incr-eases  there  Is  an  Inevitable  Increase  In  tlie  value  of  water  and  In 
the  price  people  will  be  wllllnr  to  i>ay  to  secure  water.  'Hie  concentrations  of  population  such  j 

as  tlie  lios  Anreles  rv?teropolltan  area  aiKl  .Can  Francisco  Bay  area,  for  exarT>le,  are  assured  of 
domestic  ;»nd  niinlclpal  water  because  of  the  exl stance  of  nasslve  carry-over  storatres  at  hundreds 

of  miles  away  from  tlie  point  of  water  do'mand.  1 

As  It  Is  Indicated  by  many  Invcstlrjitors , our  knowledre  of  the  t?nvlronment , e.speclally  with  | 

resFxwt  to  cl Imatolocy  fuxi  hydrolony  of  tlie  water  yielding  areas.  Is  Inadequate.  To  date,  j 

proclslm  of  ojicratlon  has  l>een  restricted  to  the  hydraulics  of  conveyance  and  distribution  j 

systems.  Relatively  little  hydrolop;lc  research  has  been  conducted  In  tlie  water  resource-prod-  j 

uclnc  'iralnace  basins  In  the  wildland  areas.  \<atershod  analysis.  In  ppm  Icular,  plays  an  lrr>or-  1 

tant  role  In  water  resources  manai^iment. 

The  fundamental  physical  data  upon  which  water  resources  developments  are  based  consls' 
essentially  of  hydrolor.lc,  meteoroloplc , cllmatoloftlc,  ppolordc.  ecolordc,  blolfurdc,  and  p<  .j-  ! 

lop4.c  observations.  Collection  of  tills  data  bank  requires  a jreat  expenditure  of  time  ana  ef-  i 

fort  In  the  water  yleldlnp,  drainage  basins  and  In  the  project  development  areas.  Timely,  spa- 
tial, and  frequent  observations  obtained  by  remote  sensinr  technique  pi-ovides  a fundamental 
phj’slcal  data  bank  for  watershed  characterization  and  better  water  resources  manarement.  This 
remote  sensln^-alded  data  bank  Include  the  useful  InfonrBtlon  both  In  water  qiuantlty  and  water 
quality. 

The  major  Input  parameters  to  most  of  the  water  yield  forecast  models  include  precipitation, 
snow  water  equivalent,  and  water  loss  from  the  watershed.  Better  estimates  of  these  parameters 
results  a better  water  yield  forecast  and  consequently  better  water  resources  mnaf’oment.  Avail- 
able data  from  Lanrisat  ani  Environmental  satellites  combined  with  hlf7>-and- low-altitude  aircraft 
data  and  (ground  observations  In  a multlstapp  saiT>llnr  frame  mokes  It  possible  to  collect  ade- 
quate required  physical  and  climatic  data  over  the  larfr  basln(s)  of  Interest  for  better  water 
yield  prediction. 

CT-Jectlve: 

The  objective  of  this  Investlmtion,  funded  by  a tUUTA  Grant  ^J^L  09-003-1)0^:,  Is  to  deslfTi  a 
rpneral  remote  senslnp-alded  Infomtntlon  system  to  provide  tlme-and-locatlon-speclflc  estimates 
of  several  Inportant  Inputs  to  water  yield  forecast  models.  These  Input  parameters  Include  snow 
areal  extent,  snow  water  content,  and  water  loss  to  the  atmosphere  (evapotran-splratlon).  The 
technique,  under  development  In  this  stuly  are  belnn  tested  on  the  water  source  J>a3ln  for  the 
California  Water  Project.  This  area  Is  known  as  tlie  Featlier  River  Waterslied,  FR'W,  (730,000 
liectares).  'Ihe  metholofy  for  estlnatlnp;  evapotransnlratlon  (FT)  Is  belnp  appll«l  to  the  .Gjianlsh 
Creek  '’aterslied,  .GCW,  (')7,500  hectares),  a sub-basin  of  the  Feather  River  Watershed. 

rVTT'mAI/'  AlID  MFTVOnS 

In  this  section  the  procedure  for  est'aatlnr  areal  extent  of  snowcover  Is  discussed  at  the 
ber,lnninft.  The  resiilts  of  snow  areal  exte'iT  will  then  be  used  In  a technique  developed  for  snow 
water  content  estimation.  The  last  part  o!‘  tills  section  will  cover  the  methodolory  developed 
for  evapotransplratlon  estimation. 

'■lethodolofy  for  Fstlmatlii,'  Areal  Extent  of  .Gnowcover: 

From  the  late  forties  to  date,  many  studies  have  Included  u.se  of  aerial  photorraphy  to 
measure  the  areal  extent  of  snowcover  (Parsons  and  Castle,  1959;  Flnneran,  196?,  I«af , 1969)- 
However,  It  was  not  until  the  early  1960's  that  one  could  attain  a synoptic  view  of  larme 
I’coqraphlcal  areas  throurfi  earth  orbltlnr  satellites.  Tod.ay,  a wide  variety  of  satellites  are 
collectlnr;  massive  amount  of  data  that  could  be  utilised  to  map  the  snow  areal  ex1,ent  In  a 
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repetitive  mode  over  the  larrp  watersheds.  Insiftery  obtained  rrom  Landsat-l  has  provided  the 
raw  data  for  this  study.  TTie  method  used  to  estimate  areal  extent  of  snow  at  the  Remote  fiens- 
Inr  Research  Propram  (RSRP)  Is  liased  upon  the  analysis  of  Imappry  defined  by  artificial  units 
((ylds)  with  environmental  considerations  (Katlbali,  1975).  Tills  procedure  allows  the  limre 
analyst  to  make  decisions  In  discrete  units  of  tlie  Imarery  as  to  the  areal  extent  of  snow  based 
upon  fUctors  effecting  tlie  snowpack. 

Tliree  cloud  free  dates  In  spring  1973.  Afirll  'Ith,  May  10th,  and  rtiy  PRth,  covering  the 
Feather  River  Watershed  were  used  for  this  snowcover  Inventory.  landsat  Imai^'ry  In  the  form  of 
simulated  color  Infrared  enhancements  of  band  <),  5,  and  7 was  utilised  for  the  Interpretation 
proced'ji-es  (Katlbali,  1973).  Oh  tliese  tliree  dates  randtxri  transects  were  flown  across  the  water- 
she«.i  uslnn  a 35  ttn  camera  to  acquire  Larpe  scale  photopraphy  required  as  an  aid  In  detemlnlnr 
the  actual  snow  condition  on  the  fToarvl. 

To  estimate  the  areal  extent  of  snow,  the  landr>at-l  lna)*es  were  f^'ldded  with  Imape  ivunjile 
units  (ISU's),  each  equalllnp;  approximately  ll00  hectares.  Ttiese  Irnpe  samile  units  were  tlien 
transferred  to  the  larpe  scale  photopraphy  where  applicable.  Hie  Imare  sanple  units  on  the 
areal  phot^jpraphy  were  divided  Into  five  classes  contalnlnp  from  0 to  lOOJC  snowcover. 

The  {Tldded  Landsat  color  enhancetl  Ima/res  were  tlien  Interpreted,  s;un>le  unlt-by  sample  unit, 
and  coded  uslnp;  the  followlnr  method  to  aocerint  for  vepetatlve  cover  arrl  density  and  to  some 
decree,  aspect  and  elevation,  fcale  matched  simulated  color  Infrared  enhancements  of  I/indnat-1 
Innrerj’  were  produced  for  April  *)th,  1973;  Jlfiy  10th,  1973;  May  ?3th  1973  and  also  for  Auf^st 
31st,  1972  In  reflection  print  form.  Hie  April  and  May  dates  represent  the  srxawpack  and  wore 
fT-^dded,  while  the  Aupyst  1972  date,  representing  a cloud  free  sumer  Imre,  wa.s  not  rrldded. 

Hie  purpose  of  tlic  Aurust  date  was  to  provide  a clear  aerial  view  of  actual  .'Teumi  relationships 
of  veretatlon/terraln  features.  The  Aurust  flate  was  superimposed  with  each  of  tlie  snow-pack 
dates  uslnr  a mirror  stereoscoi>e.  Uslnn  this  technique  lmarf“  analyst  could  obserw  wtiat  cond- 
itions actually  occurretl  on  tlie  rrourxl  In  the  Imre  samTf*  linlt  ho  was  InterT'retatlon  for  snow- 
pack. 

The  larre  scale  photopxaphy  were  use<l  to  calibrate  the  landsat  data  wty-re  applicable.  Hie 
saH'le  urilt-by-sanple  unit  Interpretation  of  tlie  landsat  Imarery,  was  then  used  to  find  tlie 
estlmte  for  the  arval  extent  of  snowcover  in  the  watershed,  funmtlon  of  each  of  the  Individ- 
ual snow  cover  classes  were  used  to  estlimte  the  areal  snowcover  of  each  Lmrt'e  sairfile  'jnlt  on 

tlie  praund.  By  addition  of  those  totals  the  areal  extent  of  snowcover  for  the  ontlrr;  area  was 

estimated. 

This  estimation  of  the  areal  extent  of  srxiw  was  based  only  on  the  larxlsat  Interpretation 
results.  To  correct  this  estlmte,  the  Imare  sample  units  where  srxiw  areal  extent  "rrourxi 
trsith"  was  obtalncxl  (from  larre  scale  aerial  pJxitorraphy)  corpared  with  the  sane  l.mof'e 

sanple  units  on  the  landsat  Imarrcy.  Tlie  relationship  betwer  the  srxiw  areal  extent  values  on 
the  cotresporxllnr  landsat  and  "(Tourxl  truth"  sample  units  Is  the  Iwrsls  for  the  application  of 

the  ratio  estlmtor  statistical  technique  (Cochran,  19^3).  This  technique  not  only  provides  a 

correction  for  the  orlpd-ral  interpretation  estlmte,  but  also  allows  for  an  estlmte  of  the 
precision  of  this  estlmte  throuph  the  application  of  conflderxre  Intervals.  'Ihe  QOf  confidence 
Intervals  around  the  areal  extent  of  snow  estlmtes  were  then  calculated. 

Mettxxlolofy  for  f.rxrw  Water  Content  Fstlmtlon: 

The  rate  of  which  the  snow  cover  deplets  Is  an  Irxiex  wlilch  Is  Inversely  relatwl  to  the  snow 
water  equivalent  arxl  srxrwmelt  runoff  (RanrP  arxi  ralomonson,  1975,  Khorram,  et  al . , 1976).  Hx* 
procedure  used  In  this  study  Is  deslmcd  to  rpnerate  an  estlmte  of  watersrxjJ-w’lde  snow  water 
content  and  an  associated  statement  of  precision.  This  system  erfiloys  a stratlflol  iJoutjle 
sairpllrv;  technique  based  on  Cochran,  1963  anti  Raj,  1963  arxl  ase,i  loth  rrounti  srxjw  course  anil 
liirxlsat  data.  Tts  objective  Is  to  cocrtblne  snow  water  content  Information  for  the  whole  water- 
shed, as  obtalrxxl  Irxrxpcnslvely  from  landsat  (Lata,  with  that  ralrx^l  frnm  a much  smller  anil 
rmre  expensive  sairple  of  measurements  at  snow  coiraes.  H;ls  method  Is  described 

below: 

Black-arxl-whlte  larxlsat  Imrery  for  April  ^ith.  May  20th,  and  flay  23th,  1973  CvTverlnr.  the 
Feather  River  Viater^Iied  (7,300  Km2)  was  obtalnfxl  and  trgnsfoircd  Into  a slmlated  lnfrere<l 


color  coTfioslte.  In  the  color  corblnlnK  process,  and  TSU  pj-ld  was  randomly  placed  over  each 

so  as  to  cover  the  watershed  of  Interest.  ISU's  In  this  study  represented  areas  of  about 
1)00  hectares. 

Estimates  of  snow  areal  extent  by  landsat  ISU  for  previous  year(s)  or  current  snow  bulld-up 
dates  were  made.  Each  ISU  was  Interpreted  manually  as  to  Its  averaf:e  snow  areal  extent  cover 
class  according  to  a snow  environment-specific  technique  (Khorram,  et  al.,  1976).  Estimates 
of  snow  areal  extent  by  ISU  for  Landsat  snow  season  date  was  then  calcuTated. 


This  snow  areal  extent  data  was  transformed  to  snow  water  content  data. 
Index  was  estimated  from  t)j?  following  first  order,  time-specific  model: 

^1  ' 

^ J-1 


Snow  water  content 


Wij)Wj)Kj 


where  Xj^  ■ estimated  snow  water  content  for  Imarp  sanple  unit  1 , 


M. . « snow  cover  midclass  point  based  on  photo  Interpretation;  expressed  on  a scale 
of  0.00  to  1.00  for  imarie  sanfile  >jnlt  1 on  the  Jth  lamlsat  snow  season  date, 

0.  ■ weMit  asslT7)ed  (0.00-1.00)  to  a past  M. , accordlnr  to  the  date  of  a ci-irrent 
estimate,  ^ 

K.  « the  number  of  times  out  of  J that  sarrle  unit  1 has  rreater  than  zero  percent 
snow  cover,  and 

J « total  number  of  snow  season  dates  considered. 


To  Insure  reasonably  hlpli  correlation  between  X,  and  correspond Inr  ground  snow  water  content 
values,  there  usually  should  be  at  least  three  ^snow  season  dates  considered  (J>^3).  normally, 
one  or  two  dates  of  Landsat  lmaf7?ry  would  be  required  durlnp  the  early  snow  accumulation  season. 
Ocasslonally , J may  be  only  two,  such  as  when  the  first  date  consists  of  an  April  1st  snow 
water  content  ma|)  based  on  past  year's  landsat  data.  In  all  cases  the  samrle  unit  f^lds  on  all 
dates  mist  be  In  comnon  register  with  respect  to  a base  date  frld  location  (see  Plpja^  1). 

All  tlie  Imarp  sait^le  units  were  stratified  Into  landsat  snow  water  content  Index  classes. 

The  number  of  fTOund  sample  units  (OSU's)  by  stratum  or  snow  courses  requlreii  to  achieve  the 
allowable  error  criteria  for  the  basin  snow  water  content  estimate  was  then  oalculateil.  The 
number  of  required  pround  samples  may  be  determined  CUkths  and  .Sharp,  1975)  for  Individual 
strata  accord  inp;  to  the  snow  survey  direct  cost  budget  for  the  water*shed  of  Interest  and  ac- 
coidlnf:  to  the  followlnr  stratum  specific  statistics:  relative  stratum  size,  landsat  snow 

water  content  variability,  Landsat  to  rrourxl  correlation,  and  Larxlsat  to  rround  sample  unit 
cost  ratio.  Hils  study  employed  six  snow  water  Index  strata,  with  water  content  index  values 
ranrlnr  from  less  than  0.1  to  over  8.  Such  stratification  was  used  to  control  the  coefficient 
of  variation  of  the  overall  basin  snow  water  content  estimate. 

Hie  OSU's  were  allocated  amoir.  snow  water  content  strata  with  equal  probability  within 
strata  In  accordance  with  stratified  random  sampllnc  requirements.  Hie  followlnr  table  sun- 
marlzes  the  number  of  Irniarp  and  proun  i sample  units  required  In  each  of  six  snow  water  content 
strata,  Klven  a cost  per  ISU  of  15*  aid  a cost  per  GSU  of  $150. 

Hie  final  product  was  the  watersh  ■<l-wlde  estimate  of  snow  inter  content  according  to  a sum- 
mation of  strata-wlde  snow  water  content  estimates  renerated  from  repression  equations  relatlnj; 
the  lanlsat  snow  water  content  Index  i ata  In  each  stratin  to  the  correspondlnf:  sample  of  pround 
snow  water  content  measurements. 

Methodolopy  for  Watershed-Wide  Estlmat Ion  of  Evapotransplratlon: 

Evaporation  may  be  defined  as  the  transfer  of  water  vapor  from  a non-veprtat Ive  surface  on 
the  oardih  Into  the  atmosphero.  Eveipotransplratlon  Is  the  combined  evaporation  from  all  surfaces 
and  the  transporatlon  of  plants.  Except  for  the  omission  of  a nepillp-ible  amiount  of  water  used 
In  the  metabolic  activities,  evapotransplratlon  Is  the  same  as  the  "consurptlve  use"  of  the 
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plants.  Hie  fact  that  the  rate  of  evajx3transr'lratlon  from  a p.art tally  wet  s^face  ^atly 
affected  by  the  natur'e  of  the  (Tourri  leads  to  the  concept  of  potential  evapotransp^tlon. 
Perwrin  (19^8)  defines  potential  evapotransplratlon  as  "the  amount  of  water  transpired 

by  a shor^  corrlet^y  shading  the  R«>ur*l.  of  unlfom  l«l.^>t  otkI  never  sl«rt 

In  water." 


A rn.iMst.Tre  miltlnhase  sarnie  deslnn  Is  utilized  to  estimate  watershed  evapotransplratl^ 
water  losses.  ^DMlcally,  there  are  three  Increaslncly  resolved  levels 

which  Is  sartnled.  The  first  level  Is  cortposed  of  satellite  and  toporraphlc  data.  Vertetatlon, 
£Sln  a^.U>^tnl^cal  types  of  Info^Wtlon  are  defined  for  a convenient  base  resolution 
element  In  this  cas^  snail  rro*4'  of  Ia«3sat  pixels.  The  appropriate  evapotransplratli^ 
equatl^s,  defined  as  I/?vel  I models , are  able  to  perform  adequately  on  this  lease  resol ve<l 
Infomntlon  available  from  tJie  first  data  level. 


After  an  estimate  of  evapotransplratlon  Ifls  been  moile  for  each  ^slnreTOl^l^  e^om^ 
the  resolution  elements  (here  H x <t  or  5 x 5 blocks  of  pixels)  are  ^u^ J^to  prlma^  .a^l- 
Inr  units  (PSU*s).  Rased  upon  the  variability  amoa-  PT^’s  a a s^le  of  these  ^^ts  will 
selected  within  each  stratum  for  further  sarpUnr;.  Within  each  PJW  selected,  a series  of 
orxiary  sai^illnr  units  (SSU’s)  will  be  defined  an<J  photofraphed  at  lan!P  scale  wl^  ciMbratwi 
craft.  The  photofTaphlc  .TSU  data  alonp;  with  nearby  snow  course  anci  otatlon  calibrate 

meteorolof'lcal  satellite  data  will  provide  the  second  level  of  Information  resolution,  ^us 

Sn,.loylnc  data  t.vp^ 

to  frenerate  evapotransplratlon  estimates  for  each  SSU.  A sairple  of  two  of  t^  s ^ 
selTOtetl  will  then  be  randomly  chosen  for  further-  analysis  on  the  rround.  For  each  of  t.iwe 
.'I'kj's  selected,  detailed  pround  mea.-jurnments  will  be  made  of  vepetatloir  ca^y  Rpomrtry , col  , 
"etc  as  well  as  of  soil  and  lltter-orrpnlc  debris  conditions.  The  detailed  from  this 

thiM  level  of  inforratlon  will  then  drive  I/rvel  III 

.•51nce  estlrrates  of  evapotransplratlon  will  be  for  th-  entire  (round  ^a  o^h«  .*55^  photo  plot, 
this  third  stace  unit  (TTU)  will  actually  corprlse  a double  sairr.lc  of  the  s. 


The  full  watershed  estimate  of  evapotransplratlon  can  tlien  be  developed  by  first  tte 

(Txjund  based  evapotransplratlon  estlrrate  to  calibrate  the  estimate  ^cr  v^  f^. 

Tire  calibrated  SSU  estimates  can  then  be  expanderl  to  the  P5U  stmy;  by  utlllzlnr  the  .iW  ^lec 
wLf^ts  developed  earlier.  Finally,  PSU 

each  over  the  appropriate  stratum,  and  then  to  the  entire  waterslred  by  applyl^,  the  PSU  mItc 
^on  StrCpl^rtlon  of  evapotransplratlon  In  the  riven  PSU  rolatlw  to  all  ot^r 

the  waterohedlVlrlnally  calculated.  In  tlrls  way,  a ' 

Inrly  stmller  .sanrle  of  more  precise  and  more  expensive  Information  levels  can  be  utilized  to 

(^Ive  ba.sln-wlde  watershed  estimates. 


-Ihe  multistare  equation  that  will  be  used  to  combine  data  f^  levels  I,  II,  and  III  In 
order  to  rrnerate  an  estimate  of  watershed-wide  ev^ti-ansplratlon  Is: 
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pr\5bablllty  of  selection  of  the  Itch  PStI 

nienber  of  .TSLi's  selected  within  1th  PI^J  (?) 

the  set  of  -SSU's  selected  In  each  sarrled  PSU 

area  of  the  .-jectlon  wltldn  which  SHI  Is  located 


area  of  SSU 


799 


T 


Yy  « (round  PT  estlJintlon  for  Uio  Jth  .SSU  of  t>ie  1th  P5U 

Py  - probability  of  aelectlon  of  Jth  r»TlI  for  FTOtind  meanurenent  within  1th  PSU 

PT  » averajr  evapotrfinsplratlnn  estljnate  for  the  entire  watershed 

'Ihls  sawpllnK  tecfinlque  allows  tlie  estimates  of  PT  based  on  each  level  of  rtcdellnr;  and  If  a 
user  does  not  refjulre  hlfji  accuracy  of  PT  estimates  he/she  can  use  tfie  l£vel  1 mtxiels  results 
Irdependently  or  calibrated  with  level  II  models  results  without  having  to  use  level  III  modes 
at  all.  .lanpllnr;  tfieory  allows  a variance  for  each  estljTate.  Ilierefore  a confidence  Interval 
with  sixjclfled  probability  may  be  associated  with  the  estimates. 


The  required  lnr>ut  data  for  this  evapotransplratlon  estimation  system  Is  cori>osed  of  physl- 
Ofraphlc  data  of  t»>e  waterslied  and  climatic  data.  Physlorraphlc  data  Include  latitude,  longi- 
tude, elevation,  slope,  aspect,  and  ve^etat lon/terra In  data.  Climatic  data  Include  terperature, 
humidity,  precipitation,  wind  movement,  cloud  cover,  solar  radiation,  and  some  standard  meteo- 
rolopilcal  constants. 

Recomended  Level  I PT  Motiels: 

Birlrlcal  and  semleirplrlcal  formulas  Is  applied  In  this  level.  Ilie  Input  for  these  models 
provided  primarily  from  landsat,  Knvlronnental  (meteorological)  satellites,  trround  meteoroloj:!- 
cal  stations,  and  dlp;ltal  toporraphlc  data.  Ilie  variables  to  be  derlvexl  from  these  data  for 
the  above  models  are  surface  terrperature , net  solar  radiation,  relative  humidity,  precipitation, 
and  cloud  cover.  The  watershed  values  of  net  solar  rarilatlon  are  calculated  based  on  a model 
developed  by  the  author  (Khorram,  197(>).  TTie  models  based  on  the  following  equations  are  belnr 
considered  for  this  level:  Jeasen  and  Hal.se  Equation  (19^3),  Harrreaves  Equation  (1956),  anJ 
Blaney-Crlddle  F)quatlon  (1950).  Rased  on  climatic  conditions  and  models  performances  one  of 
these  equations  Is  selected  to  represent  the  Ijevel  I models  (Khorram,  197l(  a,  b). 

Recomended  Level  II  PT  Models: 

The  basis  for  the  evapotransplratlon  models  to  be  applied  to  the  second  level  of  Informat- 
ion resolution  Is  that  of  enen'y  conservation.  Eor  this  level,  the  encrry-balance  method  will 
be  combined  with  other  metlKxls  for  consideration  of  veretatlon  canopy  effects.  The  objective 
of  the  model  applied  at  Level  II  will  be  to  capitalize  on  verartatlcr.  ccr.'T'y  (Tconetry-copposlt- 
lon,  and  other  surface  data  available  from  aerial  photofT^hy  to  provide  luproved  evapotransp- 
lratlon estimates  for  the  appropriate  photo  S.9fz  (Khorram,  1975).  TlTe  followlnp;  models  are 
^Inp:  examined  for  application:  Priestly  and  Tayior  Model  (1972),  McHau;titon  ami  Black  Model 

(1970),  Modified  Slatyer  and  Mcllroy  Mcxlel  (1961),  and  Llnacre  rVxlel  (1967).  Based  on  cllTOtlc 
conditions  and  models  iierfortmnces  one  or  two  of  these  etjuatlons  are  seiectel  to  reiiresent  the 
models  In  this  level  (Khorram.  1976). 

Recocmended  l/ovel  III  PT  Models 

Ux?  third  Information  resolution  level  In  this  r’emote  senslnr— aided  evapotransplratlon 
estlrmtlon  system  will  allow  application  of  tlie  practical  as  well  as  the  most  soph Istl cat o<l 
models.  Tlio  approach  will  be  to  select  anti  develop  those  ovtipotransplratlon  estimation  equati- 
ons wtrlch  are  most  rational  .and  physical  In  temc  of  the  actual  processes  Involvetl.  A contln- 
atlon  of  emplrlcral,  ener^/  balance,  and  aerodynamic  methods  will  be  examined  for  this  level. 

Hals  model  Is  to  be  developed  In  the  futuro. 


RF.TJLTB 


Hre  results  of  snow  aioal  extent,  snow  water  content,  .and  evapotransplratlon  Is  dlscu.ased 
rospectlvely. 

';he  estlrratos  of  the  aroal  extent  of  .snow  arxl  their  confidence  Intervals  for  April  'rth. 

May  10th,  and  May  28th  Is  sliown  In  Thble  II.  The  appropriate  statistical  p.a.ra.metero  such  .a.a 
standarxl  deviations,  anl  population  ratio  estimator  values  aro  also  prosentcl  In  Table  II. 
Additional  Chl-s<juare  tests  Irxllcated  that  on  all  the  dates  the  exp*:rlmental  set-up  was  ad»»i>ra- 
te  at  2.5  percent  sl(7rlflcance  level. 


The  slmilated  Infrareo  LinJiat  p^’ldded  Imfif^ery  for  the  Feather  River  Watershe<i  for  A{)rll 
^<th,  as  an  exanfile.  Is  s^iowt.  .n  Flf^ire  2.  TYie  surmer  (Au/^st  31)  lanrtsat  Irwery  Is  shown  In 
Flc're  3.  Tlie  larfier  iicale  copies  of  these  lntV7?r^  {Flfaires  1 ami  2)  alonr  with  the  (Tlfided 
Imrery  for  .".ay  luth  and  May  28th  were  used  In  snow  areal  extent  anfJ  consonuently  snow  water 
content  Inventories. 

Ttie  results  of  Landsat-alded  snow  water  content  estlmtes,  based  on  .'Spanish  Creek  Watershed 
data.  Is  shown  In  liable  TTI.  Tills  data  Is  used  to  represent  Feather  River  Basin  values  due  to 
the  similarity  In  snow  water  content  class  distribution  betwet*n  the  two  basins  Tor  the  snow 
season  dates  Investlrpted.  Tlie  correlation  coefriclento  between  the  average  pyxiund-based  and 
landsat-based  'values  of  snow  water  content  Indecles  are  0.h„  and  0.77  for  tliree  dates  and  two 
dates  of  analysis  respectively.  "Ince  more  than  two  dates  will  be  available  In  most  operatlwi- 
al  snow  water  content  estlrmtlon  situations,  a conservative  value  of  0.80  was  selected  as  the 
correlation  coefficient  to  be  u.sed  In  the  s.airple  sl7x;  analysis. 

A slde-by-slde  comparison  of  an  operational  and  this  Landrvit-alded  snow  water  content,  esti- 
mation systems  was  facilitated  by  a blendlnr  of  statistical  and  economic  tlieory.  Tills  compari- 
son, uslnfi  197**  data,  was  based  on  analysis  of  over  2200  lnar:e  sarple  'units  -.t  19t  each  and  2€ 
cround  sarrile  units  at  $150  each.  Tlie  analysis  indicated  a decided  advantare  for  the  Lanlsat- 
alded  method  (Sharp  and  TlKxttuj,  1975). 

Level  I evapotrar.spiratlon  models  have  been  applied  to  Spanish  Creek  Watershed  (.SCW)  for 
Aufiust  1972.  Tlie  results  are  dlffei-ent  In  terms  of  accuracy  dependlnr  on  Uie  model  used.  The 
model  based  on  Jensen  and  Raise  equation  has  yielded  satisfactory  results.  Tl)e  available 
(7\)urx]  meteorolorJcal  stations  within  the  .Spanish  Creek  V/ater'shed  Is  shown  in  Table  TV.  All 
the  Input  parameter's  for  FT  models  are  based  on  these  rrourxl  meteorolof^cal  stations.  Current- 
ly, we  are  developing  methodolop;les  to  obtain  the  main  Input  parameter's  (l.e.,  tenpemturr; , 
cloud  cover,  etc.)  from  lancisat  and  tlOAA  satellites. 

The  areal  distribution  of  the  mean  monthly  terfper'ature  In  ®F  and  relative  humidity  in 
percent  over  the  Spanish  Cr'eek  Water'shed  were  usetl  as  Inputs  to  FT  models.  Water'shed-wlde 
distribution  of  averapp  monthly  consunfitlve  use  (potential  FT)  estimates  based  on  Blanney- 
Crlddle  equation  Is  shown  in  Flppre  *1.  This  method  has  been  developed  primarily  for  applcultu- 
ral  crops  and  the  results  appear  to  be  hlphor  than  expected.  Based  on  the  Haurjoaves  equation, 
the  aver'epp  free  water  surface  evaporation  map  of  Auppst  1972  was  calculated  and  the  rosults 
seen  to  be  hlfher  than  the  expected  values.  Dally  potential  evapotransplrotlon  estimates  of 
Aucust  l*t,  1972,  based  on  the  Jensen  and  Halse  model.  Is  shown  In  Firpre  5-  The  results  of  the 
Jensen  anti  Raise  model  seems  to  be  closer  to  tlie  values  Initially  expected  tlwan  the  Blanney- 
Crlddle  and  Rarrpeaves  metliods.  Based  on  the  performance  of  the  level  I evapotranspl ration 
models  It  can  be  ccxicluded  that  the  Rar'Cfoaves  model  may  rxrt  be  directly  applicable  to  the 
forested  watersheds  without  major  modifications. 

The  r'esults  of  FT  level  I models  utlllzlnr;  solar  radiation  arxl  tenperaturv  data  on  the 
main  variables  (l.e.,  the  models  of  Jensen  and  Raise)  atx*  nor'e  applicable  to  the  watershed 
dlversldlfled  evaporative  surfaces  present  In  the  Spanish  Creek  Watershed.  IJovertheless , 
sllfht  modifications  based  on  the  rrourxl  measiuerents  of  evapotransplratlon  values  may  be 
required  dependlnr  on  tire  accuracy  desired. 

onucuj.TTorr, 

Based  on  the  evaluation  of  the  procedures  developed  in  this  investlcatlon  arxl  analysis  of 
r'esults  it  can  be  corwluded  that : 

The  methods  developed  in  this  InvestlfTitlon  are  different  frmm  the  timlltlorral  methods  re- 
port.ed  In  the  lltareture. 

Tire  double  sajTpllnB  method  wlilch  In  effect  "calibrates"  the  landsat  Irrnr'pry  provides  a rpod 
way  of  analyzlnr,  the  data.  The  reneral  approach  multlsta'Te  sampllnr  has  been  used  successfully 
In  several  other  remote  senslnr  research  experiments  Involvlnr  maniial  and  corn>uter'-alde<l 
analysis  by  trsiny  Investigator's  at  tlie  nnlveielty  of  California.  Tlie  deslrri  of  this  project 
facilitates  the  performance  of  valid  statistical  analysis.  This  Is  an  liTX5rt.ant  factor  so  that 
future  results  from  different  afiproaclies  can  be  analyzed  with  respect  to  prior  research.  Cor- 
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processliTK  thus  provldlnK  accuracy  of  results 

serujl^  data  ^ Inteerated  *dth  conventional  data  for  n»re  accurate  and  location 
-specific  aralysls  of  riajor  Inputs  In  water  yield  forecast  models.  Advartaees  of  the  re^e 
senslne-alded  systems  are  also  apparent  on  the  capability  and/or  cost  effectlvene.ss  side. 

ana^sls  of  the  results  on  evapotransplratlon  models  Indicated  that  models 
^ radiation  ^ t^rature  as  the  main  Ir^xit  variables  are  more  applicable  to  the 
watersfied  envlromental  conditions  than  those  using  tonxjrature  and  humidity. 
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Landsat 

Srxow  Water  Content 
.Str’atum 

1 

2 

3 

't 

5 

C 

Index  Ranre  (m) 

<0.10 

Gli) 

<1.00 

<3.00 

5*00 

283 

No.  of  Landsat  ISO's 
Kx;jriined  In  Waterstxjd 

503 

61't 

205 

393 

220 

283 

No.  of  I.SU's  Visited 
on  Crounil 

0 

3 

1 

7 

H 

11 

Table  I.  Required  Imre  and  Cround  .Sanple  Units  for  all  the  .Snow  Water  Content  .'Strata. 
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April  4,  1973 

May  10,  1973 

May  28,  1973 

Iandsat-1  estimate  of  the 
areal  extent  of  snow 

511,378 

205,768 

60,516 

Estimate  of  the  true 
areal  extent  of  snow 

501,355 

195,644 

57,847 

Standaixi  deviation  of  the 
areal  extent  of  snow 
estimate 

12,776 

14,526 

17,126 

Population  ratio  estimator 

.9804 

.9509 

.9559 

Total  number  of  hectares 
Inventories 

879,642 

813,014 

798,340 

Total  number  of  Image 
sample  units  Inventories 

2,218 

2,050 

2,013 

Total  number  of  Image 
sarple  units  sampled 

80 

52 

49 

Confidence  Intervals  (95?) 

485,940iYj^i536,8l6 

176,601iYpi234,935 

26,075^YpS9i),958 

Table  II.  SUMIARY  OF  FESULTS  AREAL  EXTETIT  CF  SNCW  ICSBIATIOII  (DI  HECTARES)  ALOFr.  ’rfITH 
TIE  CONFIDENCE  INTER'/AI^. 


Stratim 

Index 

(h) 


Water  Water  for  X^. 

Content  Content 
Estimate  Index 
Ranf^  Per 

Imap;e 
Sainple 
Unit 


0.00-  0.10 
0.10-  0.35 
0.35-  1.00 
1.00-  3.00 
3.00-  5.00 
5.00 


0.0000- 

0.1333 

0.7808 

2.0»l30 

3.9557 

6.1750 


0.00 

7.15 

10.15 
51.20 
55.38 

111.15 


Stratum 

Itelght 

Based  on 

Snow 

Water 

Content 

W. 

Number 
of 
Image 
Sample 
Units 
for  the 
Spanish 
Creek 
Watershed 

Number  of 
Image  Sam- 
ple Units 
For  the 
Feather 
River 
VJatershed 

m 

0.0000 

32 

503 

0.0304 

39 

614 

0.0432 

13 

205 

0.2173 

25 

393 

0.2356 

14 

220 

0.4729 

13 

233 

N»-141 

N»2,2l8 

Table  III.  LAIIDSAT-BASED  SNOW  WATER  CONTEITr  STATISTICS  BASED  ON  SPANISH  CREEK  WATERSIED  DATA 
PCF  APRIL  F),  MAY  10,  AND  MAY  28,  1973- 
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I 

I 


tnM(xio^) 


station 


Quincy 


Greenville 


Boulder 

Creek 


rtohawk 


Cnjnel  Peak 


Smith  Peak 


Wet  bulb  temperature,  dry  bulb  tenfieraturo , dally  temperature  relative 
humidity,  preclpacatlon,  and  wind  speed  and  direction. 

Dally  averaiip  tt3H)erature,  relative  Jaimldlty,  precipitation,  and  wind 
Sliced  and  direction. 

Wet  bulb  temperature,  dry  bulb  tenperature , dally  average  temperature, 
evajioratlon,  precipitation,  cloud  cover,  and  day  lenj^h. 
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Table  IV.  AVAILABU-:  DATA  FRai  GROUI©  MFSl^ROIiOniCAL  STATiaJS  IN  TIE 
WATERSIED  lEGiaj 


SNOW  w»tlHCnNIt«t  ISWCI  1N«K 


mta  s*««i  LMI IISUI 

OH'O 

AvCHAGf  SI(»C  STMT* 
BOUNOAHK^ 


SNOW  course 

‘^ANRf  UNITWW 


FinuIE  1.  stratified  multidate  Landsat  data  plane  calibrated  by  snow  course 
measurements  for  watershed  snow  water  content  estimation. 
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l:ET  nuUtL  i.  StM-  HUU  K.  >K 


ET  1 nODEL  BC.SCW  «UG  72 


t>real  distribution  of  dallj’  potential  evapo- 
transnlratlon  estl-rates  in  Inches  for  Auc- 
ust  lii,  1972,  over  the  Spanish  Creek  Water- 
si«d,  based  on  the  Jensen  and  Halse  equation 
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APPLICATION  OF  AERIAL  PHOTOGRAPHY  TO 
WATER-RELATED  PROGRAMS  IN  MICHIGAN * 

W.  R.  Enslin,  R.  Hill-Rowley  and  S.  E.  Tilmann 

Remote  Sensing  Project 
Michigan  State  University 
East  Lansing,  Michigan  48824 

ABSTRACT 

The  paper  describes  the  use  of  aerial  photography  and 
information  system  technology  in  the  provision  of  informa- 
tion required  for  the  effective  operation  of  three  water- 
*^®^3ted  programs  in  Michigan.  Potential  mosquito  breeding 
sites  were  identified  from  specially  acquired  low  altitude 
70  mm  color  photography  for  the  City  of  Lansing  Vector  Con- 
trol Area.  The  inventory  identified  35%  more  surface  water 
areas  that  were  indicated  on  existing  field  maps  and  treat- 
ment of  these  areas  will  lead  to  a more  effective  mosquito 
eradication  program.  A comprehensive  inventory  of  surface 
water  sources  and  potential  access  sites  was  prepared  to 
assist  fire  departments  in  Antrim  County  with  fire  truck 
water-recharge  operations.  Remotely-sensed  land  cover/use 
data  for  Windsor  Township,  Eaton  County  were  integrated 
with  other  resource  data  into  a computer-based  information 
system  for  regional  water  quality  studies.  Eleven  thematic 
maps  specifically  focussed  on  landscape  features  affecting 
non-point  water  pollution  and  waste  disposal  were  generated 
from  analyses  of  a four-hectare  grid-based  data  file  con- 
taining land  cover/use,  soils,  topographic  and  geologic 
(well-log)  data. 

INTRODUCTION 

Michigan  State  University,  with  support  from  the  Office  of  University  Af- 
fairs of  the  National  Aeronautics  and  Space  Administration,  has  been  actively 
involved  in  the  development  of  operational  uses  of  remote  sensing  for  improving 
decisions  and  actions  concerning  land  and  water  resource  problems.  Three  recent 
applications  to  water-related  programs  in  Michigan  are  presented  and  they  demon- 
strate the  diversity  of  concerns  that  require  an  adequate  inventory  for  satis- 
fying planning  interventions  and  on-land  actions. 

INVENTORY  OF  POTENTIAL  MOSQUITO  BREEDING  SITES 

Mosquitoes  have  always  been  a nuisance  during  the  late  spring  and  summer  in 
Michigan.  The  outbreak  of  St.  Louis  Encephalitis  in  1975  transformed  this  nuis- 
ance into  a potentially  major  health  hazard  as  this  strain  of  encephalitis  vir- 
us, transmitted  by  mosquitoes,  is  potentially  fatal.  It  is  thus  a target  of 
public  health  prevention  and  control  measures. 

The  Vector  Control  Section  of  the  City  of  Lansing,  established  in  1959  by 
the  Center  for  Disease  Control,  U.S.  Department  of  Health,  deploys  several  field 
teams  each  year  to  treat  standing  water  and  wetland  areas  with  appropriate  com- 
pounds for  mosquito  larvae  extermination.  Effective  eradication  is  crucially 
dependent  upon  the  identification  and  treatment  of  all  potential  breeding  sites. 
The  teams  have  been  using  a series  of  field  maps  showing  treatment  sites  which 


»The  work  reported  here  was  partially  supported  by  grant  NGL  23-004-083 
from  the  NASA  Office  of  University  Affairs. 
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wore  prepared  in  1960.  A sample  aerial  survey,  conducted  in  the  spring  of  1975, 
revealed  that  those  field  maps  indicated  only  50  percent  of  the  number  of  poten- 
tial breodinq  sites  in  a 16  square  kilometer  test  area.  Non-treatment  of  this 
number  of  potential  sites  seriously  jeopardizes  the  overall  eradication  effort. 

A comprehensive  inventory  of  standinq  water  (as  small  as  puddle  size)  and 
wetlands  in  the  I,ansinq/Kast  Lansinq  area  (233  square  kilometers)  was  therefore 
undertaken  by  the  Remote  Sonsinq  Project  in  1976.  Usinq  a motorized  Hasselblad 
camera,  70  mm  color  transparencies  wore  acquired  for  the  area  at  a scale  of 
1:18,000.  Coveraqe  was  obtained  from  a small  plane  durinq  the  sprinq  when  water 
levels  were  at  their  hiqhost.  The  photoqraphy  was  systematically  interpreted 
usinq  a zoom  stereoscope  (24X  maqni f icat ion) . Identified  potential  breodinq 
sites  wore  delineated  on  clear  acetate  overlays  and  then  transferred  to  a spec- 
ially prepared  mylar  base  map  of  each  township  section  (Fiqure  1).  A total  of 
90  maps  were  prepared  at  a scale  of  1:6,700  and  sequenced  to  facilitate  easy 
field  use.  Paper  copies  of  the  oriqinal  maps  were  produced  to  an  S'sxll"  format 
and  these  copies,  protected  in  acetate  jackets,  were  included  in  a three  rinq 
binder  to  be  used  as  the  primary  reference  document  for  the  field  treatment 
crews.  A map  showinq  the  standinq  water/wetland  distribution  for  the  entire 
Lansinq/East  Lansinq  area  was  also  prepared  (Fiqure  2) . 

At  the  beqinninq  of  eradication  activities  in  1977,  specific  treatment  in- 
formation pertaininq  to  individual  sites  will  be  indicated  on  the  field  maps  in- 
cludinq  sequence  of  treatment  within  township  sections,  permanency  of  water,  ac- 
cess points,  obstacles  to  treatment  and  type  of  treatment  (adulticide,  larva- 
cide,  fish  stockinq)  . These  maps  will  then  be  used  in  the  systematic  treatment 
of  mosquito  breedinq  sites  throughout  the  year. 

The  standinq  water/wetland  inventory  identified  2,078  potential  treatment 
sites  consistinq  of  476  waterbodies,  ^,222  wetlands  and  380  drains  or  river  seg- 
ments. Ground  verification  of  this  data  in  a particularly  wet  test  area  (29 
square  kilometers)  revealed  that  the  field  teams  were  treating  only  19  percent 
of  the  existing  sites:  40  as  compared  with  211.  Overall  the  photo-derived  in- 
ventory identified  approximately  35%  more  water  areas  than  were  indicated  on  the 
existin-  field  maps  used  by  the  treatment  teams. 

Traditionally,  mosquito  control  districts  collect  data  on  potential  breed- 
inq sites  through  tedious  ground  surveys.  Those  data  are  often  fragmentary, 
since  ground  surveillance  locates  only  the  most  obvious  sites.  After  years  of 
data  acquisition  and  much  expense  in  time  and  man  power,  the  control  district 
usually  has  an  indication  of  where  mosquito  control  should  be  implemented. 
Through  photo- interpretation  of  aerial  photography,  potential  breedinq  sites  can 
be  identified  in  a more  timely,  cost-effective  manner.  The  Lansing  standinq  wa- 
ter/wetlands inventory  was  completed  within  three  months  at  an  estimated  cost  of 
$3,835  which  included  acquisition  of  aerial  photoqraphy. 

IDENTIFICATION  OF  SURFACE  WATER  ACCESSIBLE  TO  FIRE  TRUCKS 

A major  problem  in  Antrim  County  is  locating  accessible  water  sources  for 
use  by  fire  fighting  units.  All  units  reporting  to  a fire  outside  of  village  or 
city  limits  have  an  on-board  water  supply.  When  this  supply  is  expended,  the 
unit  has  to  recharge  its  tanks.  The  trip  to  recharge  should  be  as  brief  as  pos- 
sible and  information  regarding  the  nearest  accessible  water  source  is  crucial. 

M.SU  personnel  identified  and  delineated  all  surface  water  areas  in  Antrim 
County  of  at  least  0.2  hectares  from  1:36,000  color-infrared  photoqraphy  ac- 
quired by  the  Michigan  Department  of  State  Highways  and  Transportation  in  1973. 
The  name,  type  (e.g.  natural  lake,  intermittent  stream),  size  and  depth  of  each 
water  area  were  recorded  based  on  the  classification  system  given  in  Table  1. 

Potential  access  sites  for  recharging  fire  truck  water  supplies  wore  then 
identified  from  the  photoqraphy.  For  each  identified  access  site,  a determina- 
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tion  was  made  from  the  photography  as  to  the  type  of  access  route,  the  interven- 

possible  limitations  to  recharging  such  as  water 
pth,  the  presence  of  aquatic  vegetation  or  slope  restrictions.  The  ownership 

‘^he  county  plat  book,  was  also  identified.  The 
accessibility  classification  system  employed  is  also  cited  in  Table  1. 

The  locations  of  water  sources  and  identified  access  points  were  trans- 
ferred  to  a series  of  mylar  township  base  maps  at  a scale  of  1:36,000  (Figure 
inH  was  assigned  to  each  water  source  and  access  point 

Corresponding  information  on  water  characteris- 
fh  f ^ parameters,  were  recorded  on  a computer  file.  ThirnL 

allows  the  output  of  information  in  various  formats  and  facilitates  modifica- 
tions based  on  feedback  from  the  fire  fighting  units.  The  township  map  file  and 

during  fire  fighting  situations  to  locate  the 
closest  suitable  water  source  and  access  point  from  the  site  of  a fire.  It  is 
expected  that  this  information  will  increase  fire  fighting  efficiency  and  in  as 
many  cases  as  possible,  lessen  fire  damage  and  reduce  con-t quent  proper ty ' loss- 

RESOURCE  INVENTORY  FOR  REGIONAL  WATER  QUALITY  AND  LAND  USE  PLANNING 

J’^^'^itionally,  there  has  been  a need  for  systems  which  will  allow  agencies 
to  integrate  remotely-sensed  land  cover/use  information  with  other  natural  re- 
source information  in  order  to  generate  the  analyses  necessary  for  effectL^de- 
wld^var^eJ^of  sou^es?^''"''  Programs  require  such  integration  of  data  from  a 

For  small  area  watersheds,  adequate  planning  can  be  accomplished  bv  manual 
analysis  on  individual  maps  of  basic  resource  daL : soils,  land  cover/us^ 

exten«ton^*^f  approach,  however,  enjoys  no  economies  of  scale,  and  the 

extension  of  water  management  priorities  to  large-area  watersheds  places  the 

Qoals"'^\s^the^L'^H  * of  seeking  new  tools  to  accomplish  the  desired 

Tvilble  alternaf^fj  area  increases,  manual  analysis  becomes  less  attractive  as 
lable  alternative  for  investigating  watershed  management  strategies  and  com- 

ThiriroartiLlarlv’^Jh^^  approaches  become  more  practical  and  cost-effective. 
This  IS  particularly  the  case  when  a data  base  can  be  assembled  that  serves  a 

Siect^hasVen^'d^^  for  local  resource  decision-making.  The  MSU  Remote  Sensing 
^ developing  various  computer-assisted  techniques  that  are  de-  ^ 
signed  to  service  a broad  spectrum  of  resource  management  problems. 

approach  to  resource  analysis  was  conducted  in 
nioni?  dT  Eaton  County,  Michigan,  in  cooperation  with  the  Tri-Countv  Re- 

gional Planning  Commission.  The  demonstration  was  funded  through  a regional  wa- 
aTvJf  grant  therefore  the  types  of  data  gathered,  and  thrsubslqient  an- 

Mnn  a f f V focused  upon  various  aspects  of  non-point  water  pollu- 
tion and  suitabilities  for  selective  land  uses.  water  poiiu 

Commission  contracted  with  MSU  for  the  provision  of  land  cover/use  data 

Ship  A"21-cateaorS''laSd*'‘'^''^*'/°"  information  for  a selected  town- 

ship. A 21  category  land  cover/use  map  was  prepared  for  Clinton,  Eaton  and  Inq- 

ltl20?000^^^  color-infrared  photography  at  scales  of  1 :60,000  or 

Fatnn^ronnr!!''''®  portfolio  was  then  developed  for  Windsor  Township, 

Eaton  County,  using  the  Resource  Analysis  Program  (RAP)  developed  at  Michigan 

"SaS  utiilzSrSJ^iH  user-oriented  computL  software  system 

finStiSSS  (?ab?S  ^ variety  of  analytical  and  mapping 

11^  and  sequencing  these  various  functions  of  the 

program  allows  users  to  construct  a wide  variety  of  thematic  maps. 

aranhlc  remotely-sensed  land  cover/use,  existing  soils,  topo- 

graphic, and  subsurface  data  were  coded  for  each  cell  of  a four-hectare  grid  ma- 
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trix.  The  data  were  comparatively  analyzed  by  employing  various  algorithms  of 
RAP,  such  as  standard  overlay  technique  and  site  index  scaling  to  produce  eleven 
thematic  maps  related  to  water  quality  management. 

By  selectively  analyzing  individual  data  within  the  information  system, 
such  as  soil  type,  and  by  multi-factor  analytical  methods,  maps  were  constructed 
of  potential  nutrient  and  sediment  loading  areas,  ground-water  recharge  areas, 
and  limitations  for  different  types  of  waste  disposal  practices  {Figure  4).  The 
maps  are  at  a scale  of  1:24,000  and  were  drawn  on  a mylar  base  by  a computer- 
driven  plotter.  This  type  of  mapping  option  permits  the  user  to  overlay  the 
thematic  maps  on  a 7.5  minute  topographic  quadrangle  or  other  available  base 
maps.  Furthermore,  inexpensive  map  copies  can  be  made  using  a diazo  blueprint 
machine.  If  user  requirements  so  warrant,  the  individual  map  categories  can  be 
produced  on  separate  mylar  sheets  for  recompilations  as  a final  color  product. 
RAP  is  supported  by  several  internal  libraries  on  soil  properties  and  crop 
yields.  Over  twenty  soil  engineering  or  related  site  development  properties 
can  be  retrieved  by  the  program,  or  the  yield  for  the  major  crops  of  the  state 
can  bo  determined  for  soil-slope  combinations.  Those  soil  properties  can  be 
displayed  individually,  such  as  soil  phosphorus  levels  or  combined  with  other 
data  in  multi-factor  analyses. 

The  RAP  system  as  used  in  the  Windsor  Township  study  was  oriented  toward 
water  quality  management,  although  the  program  and  the  data  base  have  wide  ap- 
plicability to  other  local  programs,  including  highway  and  drain  construction, 
land  use  planning  and  zoning,  land  assessment,  and  forest  managomc'nt . The  un- 
ique analytical  and  graphic  capabilities  of  the  Resource  Analysis  Program  pro- 
vide a powerful  tool  for  many  regional  planning  and  resource  management  pro- 
grams . 


SUMMARY 

In  two  of  the  applications  described,  an  inventory  of  surface  water  infor- 
mation was  acquired  through  interpretation  of  aerial  photography.  Mapping  the 
location  of  surface  water  areas  that  potentially  foster  mosquito  populations 
provided  the  information  necessary  to  improve  the  eradication  program  in  the 
Lansing  Vector  Control  Area.  A similar  inventory  in  Antrim  County  was  combined 
with  water  access  information  and  formatted  in  a rudimentary  computer  informa- 
tion system  so  that  water  could  be  effectively  used  as  a resource  in  fire 
fighting  operations.  The  third  application  did  not  require  specific  information 
on  surface  water  characteristics.  Land  cover/use  information  derived  from  aer- 
ial photography  was,  however,  an  important  data  element  in  a grid-based  computer 
information  system  developed  for  water  quality  planning  in  Windsor  Township, 
Eaton  County.  Eleven  thematic  maps  were  produced  which  allowed  evaluation  of 
potential  non-point  nutrient  loading  areas  and  physical  limitations  or  suita- 
bilities or  selected  land  uses. 
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Table  I.  Antrim  County  Waterbody  Inventory:  Classification  Scheme 


Name:  The  name  of  the  waterbody  as  given  on  U.S.G.S. 

topographic  maps  or  other  sources. 

Type : All  water  areas  have  been  classified  from  the 

photography  as  to  their  origin.  Classes  of  sur- 
face water  recognized  were: 


1. 

Natural  lake  or  pond 

11. 

Fish  hatchery 

2. 

Natural  lake  with  dam 

12. 

Flooded  borrow  pit 

3. 

Artificial  lake 

13. 

Recharge  basin 

4 . 

Artificial  pond 

14. 

Settling  pond 

5. 

Hydro-electric  reservoir 

15. 

Beaver  pond 

6. 

Municipal  water  supply 

16. 

Waste  treatment  p>ond 

7. 

Wildlife  flooding 

17. 

Fish  breeding  pond 

8. 

Mill  Pond 

18. 

River  or  creek 

9. 

Gravel  Pit  or  quarry 

19. 

Intermittent  lake 

10. 

Marl  lake,  dredged 

20. 

Intermittent  stream 

Size 

: The  area  of  the  lake  or  the  width  of  the  stream  or 

river.  The  area  or  width  of  other  waterbodies  was 
estimated  from  the  aerial  photography. 

Depth:  Maximum  depth  as  reported  in 

Inventory  Bulletin. 

the  Michigan  bake 

Accei 

ss  Type:  Type  of  surface 

of  access  route. 

1. 

Paved  road 

7. 

Pipeline 

2. 

Boat  landing 

8. 

Power line 

3. 

Dirt  road 

9. 

Driveway 

4. 

Open  field 

10. 

Private  yard 

5. 

Farm  lane 

11. 

Bridge 

6. 

Fire  lane 

12. 

No  access 

I.an^ 

Use:  The  land  cover  or 

land  use  of  the  access  site. 

1. 

Residential 

7. 

Cropland 

2. 

Commercial 

8 . 

Pasture 

3. 

Industrial 

9. 

Orchards 

4. 

Water  transportation 

10. 

Farmsteads 

5. 

Road  transportation 

11. 

Herbaceous  rangeland 

6. 

Urban  open  and  other 

12. 

Shrub 

Access  Ownership:  Private  or  public. 

Possible  Li’-i ‘.ations : Possible  limitations  to  recharging 

fire  truck  water  supply. 

1.  Depth — shallow  water  source,  may  p>ose  restrictions  in 

dry  periods 

2.  Vegetation — presence  of  aquatic  vegetation  may  limit 

pump  functioning  near  the  shoreline 

3.  Wct--site  surrounding  access  point  may  cause  access 

problems  in  wet  periods 

4.  Slope--the  slope  of  the  access  site  may  cause  access 

problems 
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Tabic  II.  Phases  of  RAP  and  Their  Function 


Phase 

I’unction 

1. 

AGVALUE 

Determines  State  equalized  assessment  values 
for  agricultural  land 

2. 

DELETE 

Delete  a factor  from  the  Work  File 

3. 

END 

Stops  execution  of  RAP 

4. 

EROSION 

Calculate  on-site  erosion  susceptibility 
according  to  the  Universal  Soil  Loss  Equation 

5. 

GROUP 

The  factor  valuea  are  grouped  and  each  group 
is  assigned  an  integer  number  (mapping  direc- 
tive) , default  or  user  specified 

6. 

INVERT 

Invert  the  numerical  range  of  a factor 

7. 

LIST 

Lists  the  factor  names  currently  on  the  Work 
Fi  le 

8. 

MAP  IT 

Constructs  symbol  maps  with  a plotter 

9. 

NORMALIZE 

Normalize  the  numerical  value  of  a factor 
between  user  specified  or  default  range 

10. 

OVEniJiY 

Generates  comparative  site  indices  by  over- 
lay process  with  weighting  values 

11. 

PRINTERMAP 

Constructs  symbol  maps  from  a line  printer 

12. 

SCALE 

Generates  comparative  site  indices  by  a multi- 
dimensional scaling  algorithm 

13. 

SOILTABLE 

Retrieves  soil  and/or  slope  related  properties 

14. 

SORT 

Assigns  a value  (mapping  directive)  to  pair- 
wise combination  of  factors 

15. 

STATISTICS 

Generates  frequency  table  for  factor  values 

16. 

UPDATE 

Updates  the  master  file  by  adding  or  deleting 
factors 

17. 

WORKFILE 

Retrieves  factors  from  master  file  and  places 

them  on  the  Work  File 
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Potential  Mosquito  Breeding  Sites  in  One  Section  of  Lansing  Township 


Skinner 

Lake 
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^atofi  Cjikt 


g WATERBODY 
L IDENTIFIER  CODE 


ACCESS  POINT 
IDENTIFIER  CODE 


BANKS 
TWP  (EAST) 


Figure  3.  Waterbody/Access  Point  Map:  Banks  Twp.  (East),  Antrim  Co 
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Figure  4.  Example  of  a Resource  Analysis  Program  Map 
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